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ABSTRACT 


This  report  presents  the  results  of  a  program  conducted  to 
investigate  the  characteristics  of  a  three-spool  turboshaft 
engine  having  an  unconventional  turbine  arrangement.  In 
this  engine,  called  a  three-spool  reverse-flow  turboshaft 
engine,  the  combusted  air  passes  through  the  high-pressure 
(HP)  turbine,  then  the  power  turbine,  and  finally  through 
♦  the  low-pressure  (LP)  turbine.  The  performance,  weight, 
envelope,  and  transient  characteristics  of  this  engine 
were  compared  to  those  of  a  more  conventional  two-spool 
turboshaft  engine  of  comparable  life  and  component  tech- 
I  nology.  In  addition,  the  suitability  of  the  three-spool 

reverse-flow  turboshaft  engine  for  recuperation  was 
assessed. 

The  results  of  the  study  indicated  that  the  three-spool 
reverse- flow  turboshaft  engine  provides  better  part-power 
specific  fuel  consumption  (SFC)  than  the  two-spool  engine. 
However,  the  engine  is  sensitive  to  ambient  temperature 
variations ,  and  some  of  the  performance  advantage  must  be 
compromised  by  flat-rating  the  engine  to  minimize  the  hot- 
day  power  lapse.  The  flat- rated  reverse-flow  engine  designed 
for  this  study  produced  5  percent  lower  SFC  at  60  percent 
power  (4000  ft,  static,  standard-day  conditions)  than  its 
two-spool  counterpart.  However,  it  is  somewhat  heavier,  has 
a  slightly  larger  envelope  (length  and  diameter)  and  higher 
power-output  speed,  and  requires  approximately  3  seconds 
longer  to  accelerate  from  flight  idle  to  95  percent  MRP. 

The  reverse-flow  engine  component  arrangement  is  well  suited 
for  an  integrated  recuperator.  Also,  the  part-power  temper¬ 
ature  and  airflow  of  this  engine  result  in  approximately  18 
percent  lower  cruise  SFC  than  a  comparable  recuperated  two- 
spool  engine. 
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FOREWORD 


The  work  described  in  this  report  was  a  joint  effort  by  two 
divisions  of  The  Garrett  Corporation.  The  design  and  analysis 
of  the  three-spool  reverse-flow  turboshaft  engine  were  con¬ 
ducted  by  the  Torrance,  California,  division  of  AiResearch. 

The  Phoenix  Division  of  AiResearch  was  responsible  for  the 
analysis  of  the  two-spool  engine,  as  well  as  for  overall 
program  management. 

The  program  was  sponsored  by  the  United  States  Army  Aviation 
Materiel  Laboratories  under  Contract  DAAJ02-69-C-0089 ,  Task 
1G162204A01409 .  Mr.  L.  T.  Burrows  and  Mr.  P.  Chesser  of 
USAAVLABS  were  the  technical  monitors  for  the  program. 
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1 .  INTRODUCTION 


Projected  Army  aircraft  propulsion  requirements  indicate 
a  need  for  dependable  lightweight  turboshaft  engines  in 
the  range  of  500  to  2000  shaft  horsepower.  Part-power 
performance  for  helicopter  propulsion  systems  in  particular 
has  become  particularly  important  since  the  hot-day,  alti¬ 
tude,  and  hover  requirements  imposed  on  these  craft  result 
in  engine  operation  at  low  power  settings  for  a  significant 
portion  of  the  normal  mission. 

To  achieve  engine  performance  commensurate  with  these  mili¬ 
tary  requirements,  civil  and  military  research  and  develop¬ 
ment  efforts  are  being  directed  toward  both  component-  and 
cycle-improvement  studies.  Preliminary  studies  with  an  un¬ 
conventional  component  arrangement  indicated  that  improved 
performance  characteristics  could  be  obtained  for  multi- 
engine  helicopters  where  low  part-power  fuel  consumption  is 
of  prime  importance.  In  this  engine  tshown  schematically  in 
Figure  1)  ,  air  is  compressed  in  a  two-spool  compressor,  com¬ 
busted,  and  then  passed  in  order  through  the  HP  turbine, 
power  (free)  turbine,  and  finally  through  the  LP  turbine. 

This  arrangement,  designated  as  a  three-spool*  reverse-flow 
turboshaft  engine,  is  similar  to  the  component  arrangement 
used  in  the  Model  ATF3'  Turbofan  Engine  currently  under 
development  by  AiResearch  Los  Angeles,  a  division  of  The 
Garrett  Corporation. 

The  objective  of  the  analytical  study  reported  herein  was  to 
investigate  the  operating  characteristics  of  the  three-spool 
reverse-flow  turboshaft  engine  and  to  assess  the  in*  ""rent 
differences  between  this  engine  concept  and  a  more  conven¬ 
tional  two-spool  turboshaft  engine  (shown  schematically  in 
Figure  2)  of  comparable  technology.  The  performance,  tran¬ 
sient  characteristics,  control  requirements,  weight,  and  en¬ 
velope  of  the  two  engine  configurations  were  compared.  In 
addition,  the  suitability  of  the  three-spool  reverse-flow 
turboshaft  engine  for  recuperation  was  also  assessed. 

For  brevity  in  this  report,  the  abbreviation  "33-RF-TSE"  will 
be  used  for  "three-spool  reverse-flow  turboshaft  engine"  and 
the  "two-spool  turboshaft  engine"  will  be  abbreviated  as 
"2S-TSE. " 

The  engines  selected  for  this  study  were  designed  with  the 
same  life  and  component  technology.  Moreover,  both  were 
initially  designed  to  operate  at  maximum  turbine  inlet  temper¬ 
ature  (TIT)  at  military  rated  power  (MRP)  for  sea- level, 

*  Sometimes  designated  "two-and-a-half-spool"  rather  than 
" three- spool. " 
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Figure  2.  Two-Spool  Turboshaft  Engine  ♦ 


static,  standard-day  conditions.  However,  as  the  study  pro¬ 
gressed  and  the  unique  throttling  characteristics  of  the 
3S-RF-TSE  were  defined,  the  following  changes  were  incorpo¬ 
rated  : 

1.  The  design-point  of  both  engines  was  changed  to 
4000-foot,  static,  95°F-day  conditions  in  order  to 
minimize  the  hot-day  power  lapse  of  the  3S-RF-TSE. 

2.  The  rotating  speed  of  the  3S-RF-TSE  high-pressure 
(HP)  spool  was  reduced  by  10  percent  to  extend  its 
life  to  a  level  comparable  with  that  of  the  2S-TSE, 
since  the  initial  assumptions  used  to  evaluate  tur¬ 
bine  life  (i.e.,  part-power  temperature,  rotating 
speed,  etc.)  were  shown  to  be  invalid. 

The  sequence  of  events  described  in  this  report  parallels  the 
study  as  it  was  conducted.  A  flow  diagram  illustrating  the 
individual  tasks  of  the  study  is  shown  in  Figure  3.  Subse¬ 
quent  sections  of  this  report  describe  the  activities  con¬ 
ducted  to  fulfill  these  tasks  and  the  results  of  the  analysis. 


3 


Figure  3.  Flow  Diagram  of  Tasks  for  Reverse-Flow 
Turboshaft  Engine  Study. 
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2.  COMMON  ENGINE  TECHNOLOGY 


The  comparison  of  the  3S-RF-TSE  and  the  2S-TSE  was  based  on 
equivalent  engine  life  and  component  technology.  The  tech¬ 
nology  used,  including  compressor  and  turbine  performance, 
turbine  material  properties,  and  turbine  cooling  effective¬ 
ness,  was  projected  to  represent  <evels  attainable  for  small 
engines  following  a  3-year  development  program  (i.e.,  approx¬ 
imately  1972) .  The  component  technology  and  the  cycle  as¬ 
sumptions  used  for  initial  performance  and  design  studies  are 
discussed  in  the  following  paragraphs. 

2.1  INITIAL  DESIGN-POINT  SELECTION 

Based  on  preliminary  cycle  performance  studies,  a  cycle  pres¬ 
sure  ratio  (P/P)  of  16  and  a  turbine  inlet  temperature  (TIT) 
of  2400°F  were  selected  for  both  engines.  This  combination 
of  TIT  and  P/P  represent  technology  development  3  years  hence 
as  stipulated  at  the  outset  of  the  study  and,  as  will  be  shown 
later  by  the  results  of  the  final  cycle  performance  studies, 
a  compromise  between  maximum  specific  shaft  horsepower  and 
minimum  specific  fuel  consumption  (SFC) .  An  engine  airflow  of 
6.5  poundr  per  second  was  used  for  sizing  the  engine  layouts 
and  establishing  component  performance. 

2.2  COMPRESSOR  TECHNOLOGY 

The  compressor  configuration  and  nondimensional  off-design 
performance  maps  used  for  the  3S-RF-TSE  were  scaled  and 
modified  (to  account  for  size)  versions  of  those  used  for  the 
Model  ATF3  Turbofan  Engine.  This  configuration  consists  of  a 
five-stage  axial  LP  compressor  and  a  single-stage  centrifugal 
HP  compressor.  Because  of  the  relative  location  of  these 
compressors  (see  again  Figure  1),  an  annular  inter-compressor 
duct  connects  the  LP  compressor  and  the  HP  compressor.  A 
similar  compressor  configuration  (five-stage  axial  plus  a 
single-stage  centrifuqal)  was  used  for  the  single-spool  gas 
generator  of  the  2S-TSE. 

Efficiencies  and  P/P's  of  the  axial  and  centrifugal  compressors 
were  selected  to  reflect  the  capability  and  limitations  imposed 
by  specific  speed,  stress,  and  inlet  conditions  available  for 
each  spooling  arrangement.  Compressor  performance  and  design 
data  for  both  engines  are  presented  in  Table  I.  These  per¬ 
formance  data  are  also  indicated  on  Figure  4,  which  shows 
compressor  adiabatic  efficiency  versus  P/P  with  lines  of  con¬ 
stant  polytropic  efficiency.  Design-point  performance  of 
other  compressors  is  also  indicated  on  this  figure  for  compari¬ 
son  purposes. 


5 


TABLE  I.  COMPRESSOR  PERFORMANCE  SUMMARY 


3S-RF-TSE 

2S-TSE 

Five-Stage  Axial  Compressor 

P/P 

6.0 

6.4 

Vt'  rPm 

34,560 

40,800 

UT,  ft/sec 

1265 

1240 

Inlet  hub-to-tip  ratio,  RH/RT 

0.73 

0.61 

n  ...  % 

88.3 

87.5 

POLY 

nAD'  % 

84.1 

82.8 

Single-Stage  Centrifugal  Compressor 

P/P 

2.67 

2.5 

NACT'  rpra 

75,000 

40,800 

UT,  ft/sec 

1725 

1620 

Inducer  hub-to-tip  ratio,  RH/RT 

0.54 

0.692 

nPOLY'  % 

85.7 

85.2 

nAD'  % 

83.5 

83.1 

Overall  Compressor 

P/P 

15.55 

16 

n  ...  % 

87.4 

88.0 

POLY' 

nAD<  % 

79.3* 

80.0 

*  Efficiency  is  based  on  inlet  and  exit  conditions  and  there¬ 
fore  includes  the  effects  of  the  inter-compressor  duct 
pressure  loss  and  temperature  rise. 


Figure  4.  Compressor  Technology. 
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The  following  items  are  of  interest  from  Figure  4: 

1.  Since  polytropic  efficiency  is  somewhat  indicative 
of  compressor  technology,  it  can  be  noted  that  the 
axial  compressor  performance  reflects  the  advanced 
state  of  the  art  for  these  small  flow  compressors, 
with  polytropic  efficiencies  greater  than  87  percent. 
However,  the  inlet  conditions  and  specific-speed 
restrictions  imposed  on  the  centrifugal  compressors 
limit  the  polytropic  efficiencies  of  these  compres¬ 
sors  to  levels  comparable  to  the  current  state  of 
the  art,  as  indicated  by  the  other  compressor  data 
shown. 

2.  Efficiencies  of  the  individual  compressor  components 
are  higher  for  the  3S-RF-TSE  because  each  rotating 
group  is  free  to  rotate  at  whatever  speed  will  pro¬ 
vide  the  optimum  compressor  and/or  turbine  effi¬ 
ciency  (limited  only  by  stress  considerations)  .  The 
compressors  on  the  2S-TSE  are,  of  course,  coupled, 
which  requires  a  compromise  in  speed  by  each  com¬ 
pressor  component  in  order  to  provide  for  the  high¬ 
est  overall  compressor  performance. 

3.  Even  though  the  performance  of  the  individual  com¬ 
pressor  components  is  higher  for  the  3S-RF-TSE ,  the 
overall  compressor  performance  is  penalized  by  the 
pressure  drop  in  the  inter-compressor  duct  and  by 
the  temperature  rise  that  results  as  the  flow  passes 
over  the  hot  section.  Thus,  the  overall  compressor 
efficiency  is  0.7  point  lower  than  that  of  the 
2S-TSE  compressor. 

A  definition  of  compressor  surge  margin  was  required  for  the 
transient  and  off-design  studies.  The  surge  margin  defini¬ 
tion  used  for  these  studies  is  expressed  in  Equation  (1)  . 


Surge 

/  CP/P) 

X  (W  /?)  .  . 

surge  a  operating 

margin 

\(P/P) 

.  .  x  (W  /5) 

operating  a  —  surge 

where 

P/P 

=  compressor  P/P 

Wa^ 

=  corrected  flow 

N 

=  corrected  speed 

J  N  -1* 
/  77T 


-1.0  *  0.04  (1) 


8 


2.3  COMBUSTOR  TECHNOLOGY 


Combustor  technology  used  for  the  study  is  summarized  in 
Table  II.  The  radial  temperature  profile  (referenced  to  the 
turbine  inlet)  is  shown  in  Figure  5. 

A  slightly  higher  compressor  dis  charge  Mach  number  for  the 
3S-RF-TSE  (Mcd  =  0.187  versus  0.172  for  the  2S-TSE)  resulted 


in  a  combustor  pressure  drop  of  4.7  percent  compared  to  4.0 
percent  for  the  2S-TSE. 


TABLE  II.  COMBUSTOR  TECHNOLOGY  SUMMARY 

3S-RF-TSE 

2S-TSE  ; 

AP/P,  % 

4.7 

4.0 

n,  % 

99.0 

99.0 

Pattern  factor*  (Circumferential) 

0.16 

0.16 

*  Pattern  factor  =  ^ 

tavg  tcd 

0.04 

0  10  20  30  40  50  60  70  80  90  100 

RADIAL  SPAN,  % 

Figure  5.  TIT  Radial  Prefile. 
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2.4  TURBINE  TECHNOLOGY 


The  turbine  flow  paths  and  aerodynamic  design-point  perfor¬ 
mance  were  obtained  from  computerized  techniques  based  on 
AiResearch  and  NASA  correlations.*  Efficiency  levels  pre¬ 
dicted  by  the  correlations  account  for  blading  losses  only 
(aerodynamic  efficiency)  and  do  not  include  the  losses  attrib¬ 
utable  to  rotor-tip  clearance  and  divergence  within  the 
stage.  Thus,  the  aerodynamic  efficiencies  from  the  correla¬ 
tions  were  modified  by  the  use  of  Equations  (2)  and  (3)  to 
account  for  rotor-tip  clearance  losses  and  divergence,  re¬ 
spectively. 


n  with 
clearance 


n 


without  I  1.0 
clearance  V 


clearance 

(Rr  -  v 


(2) 


NOTE:  1.  With  unshrouded  blades,  K  =  1.7  -  2.0.  With 

shrouded  blades,  K  =  1.0.  Thus,  shrouded 
blades  are  penalized  less  by  clearance,  but 
their  base  level  of  efficiency  (without  clear¬ 
ance)  is  usually  lower. 

2.  The  effect  of  clearance  should  be  applied  to 
each  stage  to  adequately  account  for  reheat. 


n  with 

divergence 


=  n  without 

divergence 


( 1.077 


0.077 


A  . . 
exit 

Ainlet 


13) 


where  Aexit  stage  exit  annulus  area,  sq  in. 

Ainlet  =  sta9e  inlet  annulus  area,  sq  in. 

A  summary  of  the  turbine  design  and  performance  data  is  pre¬ 
sented  in  Table  III.  A  two-stage  LP  turbine  was  required  to 
drive  the  LP  compressor.  Thus,  the  turbine  section  of  the 
3S-RF-TSE  contains  five  axial  turbine  stages  compared  to  four 
axial  stages  for  the  2S-TSE  turbine.  The  extra  turbine  stage, 
as  well  as  the  lower  expansion  ratio,  resulted  in  a  1.8-percent 
higher  overall  turbine  efficiency  for  the  3S-RF-TSE.  A  more 
detailed  description  of  the  turbine  design  philosophy  is 
presented  in  Section  3,  Conceptual  Design  Studies. 


•Stewart,  Warner  L.  ,  Warren  J.  Whitney,  and  Robert  Y,  Wong,  A 
Study  of  Boundary  Layer  Characteristics  of  Turbomachine  Blade 
Rows  and  Their  Relation  to  Overall  Blade  Loss ,  ASME  Trans., 

J.  of  Basic  Engr. ,  Paper  No.  S9-A-23;  1959. 
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TABLE  III.  TURBINE  PERFORMANCE  SUMMARY 


Turbine  Component 

3S-RP-TSE 

First  Second 

Stage  Stage 

2S 

First 

Stage 

-TSE 

Second 

Stage 

[  HP  Turbine*  ! 

Inlet  corrected  flow,  W#  -y  (lb/secl 

0.922 

0.903 

- 

NACT'  rp,n 

75,000 

- 

40,800 

40,800 

Stator  aapr  jt  ratio,  — * - 

'"X 

0.56 

- 

0.43 

0.62 

Rotor  blade  height  (RT  -  Rjj)  ,  in. 

0.400 

• 

0.400 

0.700 

Rotor  tip  clearance,  in. 

0.015 

- 

0.015 

0.015 

Rotor  hub-to-tip  ratio,  Rjj/t^ 

0.795 

- 

0.902 

0.831 

Stage  P/P 

1.81 

- 

2.07 

2.07 

Stage  divergence  (A^yft  -  Ainlat)/ 
Ainlet 

0.23 

- 

0.11 

0.48 

Velocity  ratio/stage,  UM//2gJAh 

0.67 

“ 

0.61 

0.61 

87.9 

- 

85.0** 

Maximum  allowable  disk  stress,  psi 

80,000 

- 

80,000 

80,000 

Power  Turbine 

Inlet  corrected  flow,  W  —  (lb/sec) 

S  0 

1.645 

- 

3.43 

- 

nact'  *** 

46,000 

46,000 

34,450 

34,450 

Rt  -  Rh 

Stator  aspect  ratio,  — * - 

0.75 

2.34 

1.30 

2.30 

Rotor  hub-to-tip  ratio,  RH/RT 

0.75 

0 . 70 

0.72 

0.59 

Stage  P/P 

1.71 

1.71 

1.87 

1.87 

Velocity  ratio/stage,  U^/ZigJati 

0.63 

0.65 

0.65 

0.68 

nT-T'  % 

- 

89.7** 

“ 

92.2** 

LP  Turbine 

/a 

Inlet  corrected  flow,  Wa  — j-  (lb/sec) 

4.56 

- 

- 

- 

nact'  rpm 

34,560 

34,560 

- 

- 

R-.  -  Rh 

Stator  aspect  ratio,  - = - 

X 

Rotor  hub-to-tip  ratio,  Rjj/Rj. 

2.66 

3.50 

- 

- 

0.675 

0.545 

- 

- 

Stage  P/P 

1.57 

1.57 

- 

- 

Velocity  ratio/stage,  UM//2gJ4h 

0.70 

0.70 

- 

- 

- 

91.90** 

- 

- 

Overall 

nT_T,  %  91.0  89.3 

♦Data  applies  to  the  gas  generator  turbine  of  the  2S-TSE, 

••rnmiylned  two-stage  efficiency. 
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2.5  ENGINE  LIFE  AND  TURBINE  COOLING  FLOW 


Both  engines  were  designed  for  a  minimum  life  of  5000  hours 
with  the  mission  profile  shown  in  Table  IV.  An  accumulative 
damage  law  [Equation  (4)J  was  used  to  transform  this  mission 
profile  into  an  equivalent  time  at  MRP  for  evaluating  turbine 
cooling-flow  requirements. 


TABLE  IV.  MISSION  PROFILE 


MRP 
(%)  . 

Percent  Engine  Life 
at  This  (%)  Power 

100 

10 

75 

15 

60 

60  t 

35 

10 

5  (idle) 

5 

n  k. 

Equivalent  time  =  minimum  engine  life  x  LIFEMRp  x  (4) 

where 

Minimum  engine  life  =  5000  hours 

LIFEmrp  =  stress-rupture  life  at  MRP 

-% 

=  portion  of  mission  ^qq'  required  for  each 
step  of  the  mission  profile 

LIFE.  =  stress-rupture  life  at  each  step  of  the 
mission  profile 


Several  iterations  were  required  to  finally  evaluate  the 
equivalent  life  and  cooling  flow.  Part-power  cycle  per¬ 
formance  data  were  necessary  to  determine  the  cycle  param¬ 
eters  affecting  life  (stress  and  temperatures)  at  each 
step  in  the  mission  profile.  Also,  special  considerations 
were  required  to  minimize  the  hot-day  power  lapse  for  the 
3S-RF-TSE  (discussed  in  Section  4.3). 
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The  calculation  procedure  used  for  evaluating  equivalent  life 
at  MRP  and  turbine  cooling  flow  is  outlined  in  Paragraph 
2.5.1.  TIT  radial  profile,  cooling  effectiveness  correla¬ 
tions,  and  stress-rupture  properties  used  for  these  calcula¬ 
tions  are  presented  in  Figures  5,  6,  and  7,  respectively. 

The  resulting  cooling-flow  requirements  for  the  two  engines 
are  presented  in  Table  V. 


TABLE  V. 

TURBINE 

COOLING- FLOW  REQUIREMENTS 

3S-RF-TSE 

(»  wa) 

2S-TSE 

(%  WJ 
a 

First  vane,  W 

ca 

2.0 

2.0 

First  blade,  W 

ca 

3.0 

2.8 

Second  vane,  W  „ 
ca 

1.2 

1.2 

Second  blade,  W 

ca 

0.8 

1.6 

Seals ,  disks ,  and 

shrouds , 

W  3.2 

ca 

3.2 

TOTAL 

10.2 

10.8 

COMPRESSOR  W  .  % 

OL 

Figure  6.  Vane  and  Blade  Cooling  Requirements. 
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2.5.1  Engine  Life  Calculation  Procedure 

The  steps  for  evaluating  equivalent  life  at  MRP  and  turbine 
cooling  flow  are  as  follows : 


1. 


2. 

3. 


4. 


Define  the  following: 


TIT 

P/P 


at  MRP 


Compressor  speed  l 
Gas  generator  speed  ) 

Turbine  geometry 

Stress-rupture  properties 

Maximum  stator  metal  temperature  =  1800°F 

TIT  radial  profile 

Correlation  of  cooling  effectiveness  ($)* 
cooling  flow 


versus 


Estimate  the  equivalent  life  at  MRP  based  on  the 
mission  profile. 

Calculate  cooling  flow  (first  pass)  for  rotors 
based  on  an  assumed  equivalent  life. 

Estimate  a  total  turbine  cooling  flow  and  calculate 
off-design  performance  to  define  the  following  at 
each  step  in  the  mission  profile: 


TIT 


Rotor  blade  stress 

5.  Determine  rotor  metal  temperature  at  each  step  in 
the  mission  profile  using  the  cooling  flow  at  MRP. 

6.  Based  on  the  metal  temperature  from  Step  5  and  the 
stress  from  Step  4,  determine  a  new  equivalent  life 
at  MRP  using  Equation  (4)  . 

7.  Determine  cooling  flow  in  stators ,  rotors,  shrouds, 
disks,  and  seals  (approximately)  for  the  new 
equivalent  life. 

8.  Iterate  from  Step  3  for  final  cooling  flow  and 
equivalent  life. 


- 


T 

gas 

T 

gas 
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3.  CONCEPTUAL  DESIGN  STUDIES 


3. 1  LAYOUT 

Conceptual  engineering  design  drawings  prepared  for  the 
3S-RF-TSE  and  the  2S-TSE  are  presented  in  Figures  8  and  9, 
respectively.  Manufacturing  and  mechanical  limitations  are, 
of  course,  inevitably  associated  with  small,  h  igh -temper  a  ture , 
high  P/P  gas  turbine  engines .  Thus ,  the  conceptual  design 
studies  that  were  conducted  for  these  engines  are  intended 
primarily  to  indicate  weight,  envelope,  and  a  general  mechan¬ 
ical  feasibility  of  the  engine  concepts. 

Rotating  components  were  sized  for  sea-level,  static, 
standard-day  conditions,  TIT  =  2400°F,  P/P  =  16,  and  airflow 
=  6.5  pounds  per  second.  Compressor  and  turbine  geometry 
and  speeds  were  selected  to  provide  optimum  component  per¬ 
formance  within  the  framework  of  the  basic  flow  path. 

Compressor  design  features  are  indicated  in  Table  I.  The 
inlet  hub-to-tip  ratio  on  the  3S-RF-TSE  axial  compressor  is 
somewhat  higher  than  for  the  2S-TSE  (0.73  and  0.61,  respec¬ 
tively)  because  the  LP  turbine  that  drives  the  compressor 
has  a  large  diameter  and  thus  requires  a  low  speed  to  avoid 
excessive  stress.  Backward-swept  blades  were  employed  on  the 
centrifugal  compressors  to  extend  their  range  and  provide  the 
required  speed  match  with  the  turbine.  Somewhat  higher  leak¬ 
age  is  encountered  with  the  3S-RF-TSE  in  order  to  thrust- 
balance  the  LP  spool.  As  the  air  flows  through  the  inner 
compressor  duct,  its  temperature  increases  by  12  degrees  as  a 
result  of  heat  transfer  from  the  hot  combustor/ turbine  sec¬ 
tion.  In  addition,  it  encounters  a  3.0-percent  loss  in  total 
pressure. 

The  characteristics  of  the  3S-RF-TSE  compressor  are  such  that 
the  surge  margin  available  is  adequate  for  all  throttle  set¬ 
tings  and  transient  conditions  without  the  assistance  of 
either  variable  geometry  or  bleed.  Variable  stator  geometry, 
however,  was  required  for  the  2S-TSE  compressor.  A  cursory 
study  indicated  that  a  15-degree  closure  below  90  percent 
speed  would  yield  satisfactory  surge-margin  characteristics. 

Combustor  volume  was  selected  to  provide  restart  capability 
to  an  altitude  of  25,000  feet.  Modular  designs  were  employed 
on  both  engines  to  permit  access  to  the  hot  section  to  facil¬ 
itate  inspection  and  component  replacements.  Vaporizer-type 
fuel  nozzles  are  illustrated  on  the  2S-TSE  layout  and  an 
atomizer- type  nozzle  on  the  3S-RF-TSE. 
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The  combination  of  low  airflow  and  high  cycle  P/P  results  in 
a  small  annulus  for  the  HP  turbine,  and  tip-clearance  effects 
severely  penalize  performance.  A  minimum  blade  height  of 
0.400  inch  was  used,  along  with  a  tip  clearance  of  0.015 
inch.  For  the  2S-TSE ,  where  large  disk  bores  were  required 
for  the  concentric  power  shaft,  split  fabricated  HP  turbine 
disks  were  employed  with  internal  passages  for  blade  cooling. 
An  allowable  tangential  disk  stress  of  80,000  psi  was  assumed 
for  both  designs. 

The  turbi  ies  were  designed  around  the  constant  mean-line  con¬ 
cept.  Appropriate  speeds,  diameters,  and  blade  chord  lengths 
were  selected  to  produce  acceptable  values  of  aspect  ratio, 
hub-tip  ratio,  etc.,  as  previously  delineated  in  Table  III. 

A  higher  power-spool  speed  was  selected  for  the  3S-RF-TSE 
(46,000  rpm  versus  34,450  rpm  for  the  2S-TSE)  in  order  to 
select  a  diameter  for  optimum  transition  between  the  HF  and 
the  LP  turbines 

In  order  to  minimize  the  divergence  loss  through  the  power 
turbine  second  stage  for  the  2S-TSE,  an  interstage  diffuser 
was  employed.  Even  though  it  created  a  1.5-inch  increase 
in  the  length  of  the  engine,  it  was  deemed  advisable  in  order 
to  obtain  the  quoted  performance. 

Particular  attention  was  required  for  the  design  of  the  ex¬ 
haust  diffuser  and  turning  cascade  in  the  3S-RF-TSE.  To 
minimize  the  total  pressure  loss,  the  low-velocity  LP  turbine 
exit  flow  is  accelerated  through  the  cascade  from  a  Mach  num¬ 
ber  of  0.35  to  0.45.  The  flow  is  then  decelerated  to  the 
exhaust- diffuser  exit  through  four  rectangular  ducts  with  a 
half-divergence  angle  of  7  degrees.  This  design  provides  for 
a  dynamic  pressure  recovery  of  0.60  and  a  total  pressure  loss 
of  4.5  percent  (compared  to  0.5  and  3.8  percent,  respectively, 
for  the  2S-TSE  diffuser)  . 

Both  layouts  provide  for  power  extraction  at  the  forward  end 
of  the  engine.  Because  of  diametral  restrictions  imposed  by 
the  gas  generator  spool,  inner  shaft  bearings  were  required 
on  the  2S-TSE  to  provide  acceptable  critical-speed  charac¬ 
teristics  on  the  power  shaft.  The  critical-speed  character¬ 
istics  of  the  3S-RF-TSE  were  found  to  be  acceptable  without 
inner  shaft  bearings. 

The  control,  starter,  pumps,  etc.,  are  driven  by,  and  thus 
are  located  aft  of,  the  HP  spool  on  the  3S-RF-TSE.  For  the 
2S-TSE,  these  components  are  driven  by  a  tower  shaft  from 
the  gas  generator  spool  and  situated  around  the  axial  com¬ 
pressor  without  affecting  the  engine  envelope.  A  somewhat 
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similar  arrangement  could,  of  course,  have  been  adopted  for 
the  3S-RF-TSE,  but  only  at  the  expense  of  engine  diameter 
and  mechanical  complexity. 

3.2  WEIGHT  AND  ENVELOPE 

Engine  weight  and  envelope  were  determined  from  the  conceptual 
layouts.  Bare  engine  weight  (dry,  without  accessories,  con¬ 
trol,  etc.)  was  determined  by  multiplying  the  volume  of  each 
component  by  the  density  of  an  appropriate  material.  Geo¬ 
metrically  similar  (scaled)  layouts  were  prepared  for  engines 
having  airflows  of  4.0  and  9.0  pounds  per  second.  Based 
on  these  layouts,  engine  weight  and  envelope  over  this  range 
of  airflows  were  determined.  The  results  (shown  in  Figure 
10)  indicate  that  the  3S-RF-TSE  is  somewhat  larger  and  heavier 
than  the  selected  2S-TSE  configuration  having  the  same  air¬ 
flow. 

While  the  envelope  differences  are  small,  the  weight  of  the 
3S-RF-TSE  is  greater  than  that  of  its  two-spool  counterpart, 
with  some  of  the  weight  increase  attributable  to  (a)  the 
bearing  and  support  requirements  for  the  third  spool,  (b)  the 
additional  turbine  stage  required  for  the  LP  turbine,  and 
(c)  the  annular  inner  compressor  duct. 
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Figure  10.  Bare  Engine  Weight,  Diameter, 
and  Length  Versus  Airflow. 
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4 .  PERFORMANCE 


Based  on  the  technology  and  assumptions  presented  in  Section 
2,  parametric  cycle  performance  studies  were  conducted  for 
the  two  engine  configurations.  The  final  design  point  was 
selected  to  optimize  part-power  performance  while  minimizing 
hot-day  power  lapse.  Off-design  performance  studies  were 
conducted  for  various  ambient  conditions  to  determine  the 
effects  of  throttling,  altitude,  flight  speed,  and  ambient 
temperature.  An  in-depth  study  of  the  reverse-flow  cycle 
thermodynamics  was  conducted  to  explain  the  unique  performance 
characteristics  that  result  from  an  engine  having  the  compo¬ 
nent  arrangement. 

4 . 1  CYCLE  PERFORMANCE  STUDIES 

Parametric  cycle  performance  studies  were  conducted  for  the 
two  engine  configurations  representative  of  the  4.0-  to  9.0- 
pound-per-second  airflow  range  covering  cycle  P/P's  of  10.0 
to  20.0  and  TIT's  from  2000°F  to  2500°F.  The  following 
assumptions  were  used  for  these  parametric  studies: 

1.  Standard,  sea-level,  static  conditions 

2.  Compressor  efficiencies  (polytropic)  =  constant 

3.  Turbine  efficiencies  (adiabatic)  =  constant 

4.  Total  pressure  and  leakage  losses  =  constant 

5.  Turbine  cooling  flow  =  f  (P/P  and  TIT) 


6.  For  the  3S-RF-TSE  LP  compressor  and  HP  compressor, 
P/P's  were  varied  as  shown  in  Table  VI. 


TABLE  VI. 

COMPRESSOR  P/P  VARIATION  FOR  CYCLE  STUDIES 

(P/P) 

cycle 

(P /P) 

LP  compressor 

(F/P) 

'  HP  compressor 

10.0 

-  16.0 

3.67  -  6.0 

2.67  (constant) 

16.0 

-  20.0 

6.0  (constant) 

2.57  -  ,33 

Component  performance,  duct  losses,  assumptions,  etc.,  used 
for  these  studies  are  presented  in  Table  VII. 
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TABLE  VII.  CYCLE  ASSUMPTIONS 


3S-RF-TSE  2S-TSE 


Inlet 

W  ,  lb/sec 

6.5 

6.5 

Pressure  drop,  AP/P  (%) 

0 

0 

Axial  Compressor 

P/P 

3.67  -  6.0 

5.07  - 

6.72 

nPOLY '  % 

88.3 

87.5 

Inner  Compressor  Duct 

Pressure  loss,  A P/P  (%) 

2.9 

- 

Temperature  rise,  AT  (°F) 

12.0 

— 

Centrifugal  Compressor 

P/P 

2.67  -  3.33 

1.97  - 

2.98 

n  POLY '  % 

85.7 

85.2 

Overall  Compressor 

P/P 

10.0  -  20.0*10.0  - 

20.0 

W,  ,  %  W 

3.0 

1.5 

1  a 

Comb us tor 

Pressure  drop,  AP/P  (%) 

4.7 

4.0 

n  ,  % 

99.0 

99.0 

‘  1 

;1  LHV ,  **  Btu/lb 

18,400 

18,400 

HI’  Turbine 

H  ip—  ip  f  ^ 

87.9 

85.1 

TIT,  CF 

2000  -  2500 

2000  - 

2500 

Turbine  Drct 

Pressure  drop,  AP/P  (%) 

2.0 

2.0 

Power  Turbine 

riT-T/  ^ 

89.7 

92.2 

LP  Turbine 

^  T*“T  ^  ^ 

91.9 
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|  TABLE  VII  -  Continued 

3S-RF-TSE 

2S-TSE 

Exhaust  Duct 

Pressure  drop,  AP/P  (%)  4.10 

3.80 

Exhaust  nozzle,  P/P  1.06 

1.02 

Mechanical  Losses 

i  Accessories,  bearings,  etc.,  hp  9.75 

9.75 

P/P  -  (p/p)Lp  compressor  x  ^P/^HP  compressor* 
**Lower  heating  value. 

The  results  of  the  MRP  parametric  studies  for  the  3 S-RF-TSE 
and  the  2S-TSE  are  shown  In  Figures  11  and  12 ,  respectively. 
These  figures  present  specific  shaft  horsepower  versus  SFC 
for  lines  of  constant-cycle  p/p  and  TIT.  For  comparison,  the 
envelope  of  the  3 S-RF-TSE  parametric  study  from  Figure  11  is 
superimposed  on  that  of  the  2S-TSE  in  Figure  12.  While  the 
results  are  relatively  coincident  because  of  the  comparable 
component  technology  used  for  the  two  engines,  the  2S-TSE  MRP 
performance  is  somewhat  better  (displaced  toward  lower  SFC 
and  higher  specific  shaft  horsepower)  at  lower  p/p's  because 
of  inherently  lower  pressure  losses  and  thrust-balance  leak¬ 
age  than  in  the  3 S-RF-TSE.  The  shapes  of  the  constant- 
temperature  and  p/p  lines  are  different  for  the  two  engines 
because  of  increasing  significance  of  the  unique  losses  in 
each  cycle.  For  example,  consider  a  constant  temperature 
line  (TIT  =  2000°F)  with  varying  cycle  p/p  from  Figure  12. 

As  will  be  explained  in  Paragraph  4.3,  the  3 S-RF-TSE  config¬ 
uration  requires  a  higher  exhaust  diffuser  p/p  than  does  the 
2 S-TSE  C  (p-p) exhaust  =  1,06  and  1*02'  respectively].  The 

unavailable  energy  tied  up  in  the  higher  exhaust  diffuser  p/p 
(held  constant  for  this  parametric  cycle  study)  represents  a 
greater  portion  of  the  total  compressor  work  at  the  low  cycle 
P/P. 

As  a  result  of  this  type  of  phenomenon,  the  3 S-RF-TSE  dis¬ 
plays  somewhat  different  characteristics  and,  in  fact, 
suggests  a  different  optimum  cycle  p/p  for  minimum  SFC. 
However,  as  was  indicated  previously,  at  a  TIT  of  2400 °F, 
the  p/p  of  16.0  represents  a  reasonable  compromise  between 
minimum  SFC  and  maximum  specific  shaft  horsepower  for  both 
engines. 
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Figure  11.  Parametric  Performance  Study  for 
3S-RF-TSE  Configuration. 


SFC ,  LB/SHP-HR  -  LB/HP-HR 


Figure  12.  Parametric  Performance  Study 
for  2S-TSE  Configuration. 


* 


27 


4.2  OFF-DESIGN  PERFORMANCE  CHARACTERISTICS 


One  of  the  primary  objectives  of  the  study  was  to  demonstrate 
low  part-power  SFC  for  both  engines.  Previous  studies  have 
shown  that  for  the  conventional  2S— TSE,  significant  part- 
power  performance  improvement  can  be  obtained  by  selecting  a 
match  point  for  the  compressors  and  turbines  such  that  their 
peak  aerodynamic  efficiencies  occur  at  part  power.  Of  course, 
this  technique  imposes  a  penalty  on  the  SFC  and  shaft  horse¬ 
power  at  MRP  for  a  given  TIT.  In  order  to  make  the  part- 
power  SFC  of  the  2S-TSE  as  competitive  as  possible  (without 
the  complexity  of  such  devices  as  variable  turbine  geometry), 
the  components  were  optimized  at  approximately  60  percent 
MRP,  as  shown  in  Figure  13. 

Typical  behavior  of  the  3S-RF-TSE  off-design  compressor  and 
turbine  efficiencies  are  shown  in  Figure  14.  Analysis  has 
shown  that  no  improvement  can  be  made  in  off-design  cycle 
performance  for  this  engine  by  optimizing  the  components  for 
60  percent  power  in  lieu  of  maximum  power.  Both  compressors 
operate  with  relatively  constant  efficiency  between  MRP  and 
60  percent  power.  Relatively  constant  stage  loading  from 
MRP  down  to  60  percent  power  (discussed  later  in  detail) 
results  in  constant  efficiency  for  the  HP  turbine  and  power 
turbine  and  only  1/2-percent  point  drop  in  LP  turbine  effi¬ 
ciency  at  60  percent  power. 

Off-design  performance  (SFC  and  shaft  horsepower)  of  the  two 
engine  configurations  is  shown  in  Figure  15.  Also  shown  is 
the  estimated  off-design  performance  of  the  2S-TSE  with  the 
components  optimized  at  MRP.  As  the  preliminary  studies  had 
shown,  the  part-power  SFC  of  the  3S-RF-TSE  is  approximately 
5  percent  lower  than  the  more  conventional  2S-TSE,  even  with 
the  latter  optimized  at  60  percent  MRP.  A  study  of  the  cycle 
thermodynamics  showed  the  improved  performance  to  be  a  result 
of  the  turbine  arrangement  on  the  3S-RF-TSE  and  that  off- 
design  operating  characteristics  of  the  engine  were  unlike 
those  of  the  more  conventional  turbine  cycles.  The  most 
notable  characteristics  of  the  3S-RF-TSE  cycle  during  part- 
throttle  operation  from  MRP  to  60  percent  power  are  that: 

1.  It  drops  rapidly  in  engine  airflow. 

2.  It  produces  high  power  turbine  specific  work. 

3.  It  holds  relatively  constant  component  efficiencies. 
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Figure  13. 


Off-Design  Compressor  and  Turbine 
Efficiency  for  2S-TSE • 
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Figure  14.  Off-Design  Compressor  and  Turbine 
Efficiency  for  3S-RF-TSE . 
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Figure  15.  Off-Design  Performance  Using 
Initial  Design  Point. 

The  characteristics  of  the  3S-RF-TSE  cycle  can  be  most  easily 
explained  by  investigating  the  behavior  of  the  turbines  during 
part-throttle  conditions,  as  presented  in  the  following  sub- 
paragraphs.  The  performance  data  presented  in  the  following 
discussions  were  determined  for  sea-level,  static,  standard- 
day  conditions  unless  defined  differently. 

i 

4.2.1  Engine  Airflow 

As  in  conventional  free-turbine  engines ,  a  slight  drop  in  TIT 
below  its  MRP  value  produces  a  small  decrease  in  HP  spool 
speed,  which  thus  reduces  cycle  P/P.  As  shown  in  Figure  16, 
the  HP  turbine  and  power  turbine  P/P  remain  constant  as  the 
engine  is  throttled;  but  the  LP  turbine,  being  last  in  line 
and,  therefore,  discharging  into  the  unchoked  exhaust  diffu¬ 
ser,  drops  rapidly  in  P/P.  This  reduces  the  power  available 
to  the  LP  compressor,  which  therefore  drops  in  speed,  reduc¬ 
ing  both  engine  airflow  and  cycle  P/P.  This  further  reduces 
LP  turbine  P/P  and  speed.  Figure  17  shows  that  for  a  given 
part-power  throttle  setting  (percent  MRP),  the  3S-RF-TSE  air¬ 
flow  is  significantly  lower  than  for  the  2S-TSE.  Small  changes 
in  TIT  thus  cause  large  changes  in  LP  spool  speed  (illustrated 
in  Figure  18)  and  engine  airflow. 
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Figure  16.  Turbine  P/P  Versus  SHP, 
3S-RF-TSE  . 
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Figure  17.  Engine  Airflow  Versus  Percent  Power 
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Figure  18,  Spool  Speed  Versus  Percent  Power. 
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4.2.2  Power  Turbine  Specific  Work 


While  the  airflow  of  the  3S-RF-TSE  drops  rapidly  while 
throttling  down  in  power,  the  power  turbine  and  HP  turbine 
specific  work  remains  high  because  the  TIT  and  P/P  seen 
by  these  turbines  remains  essentially  constant. 

The  TIT  of  a  conventional  cycle  decreases  as  the  engine  is 
throttled,  as  shown  in  Figure  19,  because  airflow  drops  more 
slowly  than  fuel  flow  and,  thus,  the  fuel-air  ratio  decreases. 
The  more  rapid  reduction  of  airflow  in  the  3S-RF-TSE  is 
manifested  in  relatively  constant  fuel-air  ratio  and  TIT, 
again  as  shown  in  Figure  19 . 

Referring  again  to  Figure  16,  notice  that  the  P/P  of  the 
power  turbine  remains  constant  from  MRP  to  approximately  6  0 
percent  power,  at  which  time  the  orifice  into  which  it  dis¬ 
charges  (the  LP  turbine)  becomes  unchoked.  Similarly,  the 
HP  turbine  P/P  remains  constant  almost  down  to  idle. 
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Figure  19.  TIT/62  Versus  Percent  Power. 
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With  a  constant  TIT  and  P/P,  the  HP  turbine  produces  constant 
specific  work  and  discharge  temperature.  The  same  is  true 
for  the  power  turbine,  which  therefore  drops  only  slightly  in 
specific  work  from  MRP  to  60  percent  power.  Part- power  speci¬ 
fic  work  of  the  3S-RF-TSE  is  compared  to  the  more  conventional 
2S-TSE  in  Figure  20.  The  anticipated  deficiency  in  power  for 
the  3S-RF-TSE,  because  of  lower  airflow,  is  offset  by  higher 
than  usual  power  turbine  specific  work. 

4.2.3  Component  Efficiencies 

The  three  spools  in  conjunction  with  the  turbine  arrangement 
on  the  3S-RF-TSE  provide  for  relatively  constant  component 
efficiencies  (compressors  and  turbines)  from  MRP  to  60  per¬ 
cent  power  (see  again  Figure  14) .  Both  compressors  operate 
with  relatively  constant  efficiency  bet./oen  MRP  and  60  per¬ 
cent  MRP.  This  matching  is  enabled  because  the  compressors 
are  on  separate  spools  and  the  operating  line  remains  in  the 
maximum  efficiency  regime. 


MRP,  % 

Figure  20.  Power  Turbine  Specific  Work 
Versus  Percent  Power. 
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The  3S-RF-TSE  power  turbine  holds  constant  velocity  ratio*  and 
therefore  efficiency  because  of  its  constant  spool  speed  (as 
required  for  the  study)  and  specific  work.  Conversely,  for 
the  2S-TSE,  the  decreasing  power  turbine  specific  work  coupled 
with  constant  speed  changes  the  velocity  ratio  and  efficiency. 
However,  since  design  point  velocity  ratio  occurs  at  part 
power,  efficiency  increases  as  the  engine  is  throttled  toward 
60  percent  power  from  MRP. 

Like  the  gas  generator  turbine  in  the  2S-TSE  with  decreasing 
engine  power,  tne  3S-RF-TSE  LP  turbine  offsets  decreasing  spe¬ 
cific  work  with  lower  spool  speed.  This  results  in  only  1/2- 
percent  drop  in  efficiency  at  6C  percent  power.  The  3S-RF-TSE 
HP  turbine  maintains  constant  specific  work  and  spool  speed 
at  part  power,  resulting  in  constant  velocity  ratio  and  effi¬ 
ciency  . 

4 . 3  HOT-DAY  POWER-LAPSE  CHARACTERISTICS 

Off-design  TIT  characteristics  can  be  conveniently  displayed 
on  a  plot  of  temperature  ratio  (TIT/0  2)  versus  corrected  out¬ 
put  horsepower  (see  again  Figure  19).  To  hold  constant  TIT/0 2 
as  the  ambient  temperature  is  increased,  approximately  a  25- 
degree  increase  in  actual  TIT  is  needed  for  every  5-degree 
increase  in  ambient  temperature.  Thus,  the  3S-RF-TSE,  pro¬ 
viding  relatively  constant  TIT/62  from  MRP  to  60  percent  power, 
reaches  the  actual  TIT  limit  (2400°F)  with  only  a  small  in¬ 
crease  in  ambient  temperature  when  designed  with  the  maximum 
allowable  TIT  at  MRP,  sea  level,  static,  standard-day  condi¬ 
tions.  Conventional  cycles  require  a  lower  part-power  TIT/0 2 
for  a  given  output  power  because  they  throttle  less  quickly 
in  airflow. 

The  3S-RF-TSE  can  approach  the  TIT/02  characteristics  of  the 
conventional  cycle  by  either  of  the  following  techniques: 

1.  Designing  the  engine  with  increased  exhaust 
diffuser  P/P,  reducing  the  lapse  of  the  LP 
compressor  and  therefore  decreasing  the 
required  TIT/02  at  part  throttle. 

2.  Decreasing  the  design-point  TIT  while  maintaining 
the  same  cooling  flow.  This  is  called  "flat" 
rating  the  engine  and  will  permit  an  increase  in 
the  actual  TIT  on  a  hot  day  to  mitigate  the 
decrease  in  temperature  ratio. 
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Off-design  temperature  characteristics  of  several  engines 
designed  for  various  TIT's*  and  (P/P) exhaust  are  suPerlmPose<3 

on  a  curve  of  TIT/02  versus  corrected  horsepower  in  Figure  21. 
Line  A-B  on  this  figure  indicates  the  maximum  allowable  TIT 
(2400°F)  for  the  most  restrictive  operating  condition  within 
the  flight  spectrum  specified  for  this  study--i.e.,  4000  feet, 
95°F,  zero  knots.  As  will  be  shown  later,  an  engine  designed 
to  provide  maximum  horsepower  at  this  flight  condition  will 
provide  optimum  performance  for  the  other  flight  conditions. 

Off-design  performance  of  the  engines  from  Figure  21  is  shown 
in  Figure  22  for  comparison  with  the  structural  design  point 
[TIT  =  2400°F ,  (p/p)exhaust  =  1.06].  Consider  first  the  en¬ 
gine  with  a  reduced  temperature  [TIT  *  2250°F,  (P/P) 

6xnsust 

=  1.06];  the  design-point  horsepower  is  reduced  12.8  percent 
and  the  SFC  is  increased  2.54  percent.  On  the  other  hand, 
comparing  the  engine  with  higher  p/pex^aust  [TIT  =  2400°F, 

(P/P)ex^augt  =  1.26]  to  the  structural  design  point  shows  that 

the  horsepower  penalty  is  about  the  same  as  for  the  previous 
case  (12  percent)  but  the  SFC  is  increased  by  13.6  percent. 
This  comparison  of  these  three  engines  is  summarized  in 
Table  VIII. 
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Figure  21.  Off-Design  TIT/ 0  Characteristics 
of  Several  3S-RF-TSE. 


*The  flat-rated  engines  shown  are  rated  on  N  ,/?T~  until  the 
TIT  limit  of  2400°F  is  reached.  a  3 
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Figure  22.  Off-Design  Performance  Characteristics 
of  Several  3S-RF-TSE's. 


TABLE  VIII.  DESIGN-POINT  PERFORMANCE  AND 
POWER-LAPSE  IMPROVEMENT 


Solution 

Design 

Point 

(TIT) 

Design 

Point  A  HP 

(P/P>  exhaust  (S> 

ASFC 

(%) 

Power - 
Lapse 

Characteristics 

1 

2860°R 

1.06 

0 

0 

Poor 

2 

2710°R 

1.06 

-12.8 

+  2.54 

Good 

3 

2860°R 

1.26 

-12.0 

+13.6 

Fair 
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Hot-day  power-lapse  characteristics  for  these  three  engines 
are  presented  in  Figure  23.  The  original  engine  [TIT  = 
2400°F,  (P/P) exhaust  =  1*061  falls  off  a  power  "cliff"  on  a 

70°F  day  at  4000  ft.  With  TIT  =  2400°F  and  (P/P) exhaust  = 

1.26,  the  power  discontinuity  is  eliminated,  but  the  horse¬ 
power  available  on  a  95°F  day  at  4000  feet  is  approximately 
half  the  standard-day  power.  The  third  and  most  desirable 
solution  is  to  flat-rate  the  engine  by  designing  it  with  a 
lower  TIT  (2250 °F)  and  low  (p/p)e  .-iaust»  and  then  increasing 

TIT  on  a  hot  day  to  maintain  horsepower. 

In  summary,  the  engine  with  design  point  TIT  =  2250 °F  and 
nozzle  P/P  =  1.06  produces  the  most  desirable  hot-day  power- 
lapse  characteristics,  with  a  minimum  penalty  in  cycle  per¬ 
formance  (minus  12.8  percent  in  horsepower  and  plus  2.54 
percent  in  SFC) .  The  original  engine  can  be  operated  up  to 
an  ambient  temperature  of  69 °F  at  4000  feet  without  a  signi¬ 
ficant  performance  penalty  at  maximum  power.  For  hotter 
days,  the  design-point  TIT  should  be  lowered  approximately 
25  degrees  for  every  5°F  increase  in  ambient  temperature, 
to  provide  room  for  increasing  TIT  on  a  hot  day  without 
exceeding  the  maximum  TIT  limit  of  2400°F. 

As  a  result  of  this  analysis,  and  to  improve  the  hot-day 
power-lapse  characteristics  of  the  3S-RF-TSE,  the  design 
point  of  the  two  engines  was  changed  to  provide  for  maximum 
TIT  at  MRP,  4000  feet,  static,  95°F  day  conditions.  Part 
power  TIT/02  of  the  two  engines  at  sea  level,  static, 
standard-day  conditions  is  shown  in  Figure  24  (a  revision 
to  Figure  19). 

Having  then  selected  a  new  design  point,  and  with  the  part- 
power  TIT  and  HP-spool  speed  characteristics  defined  by 
the  preceeding  analyses,  the  3S-RF-TSE  turbine  life  was 
re-evaluated  to  ensure  comparability  with  the  2S-TSE.  As 
shown  in  Table  IX,  the  3S-RF-TSE  falls  well  within  the  design 
requirement  for  life  at  each  power  setting  specified  by  the 
duty  cycle.  However,  according  to  the  previously  given  ac¬ 
cumulative  damage  law.  Equation  (4),  the  3S-RF-TSE  has  an 
equivalent  time  at  MRP  of  2860  hours — comprising  57.2  percent 
(2860  hours/5000  hours)  of  the  mission.  This  compares  with 
an  equivalent  time  at  an  MRP  of  approximately  510  hours,  or 
10  percent  of  the  mission  for  the  2S-TSE. 
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Figure  23.  Hot-Day  Power-Lapse  Characteristics 
of  Several  3S-RF-TSE'S. 
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Figure  24.  TIT/0 a  Versus  Percent 

Power  (Revised  From  Figure 
19  for  New  Design  Point) . 
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TABLE  IX. 

ENGINE 

LIFE 

AND  EQUIVALENT  TIME 

AT  MRP 

Life 

Life  Available 

Power  Setting 

Mission 

to  \ 
\A>/ 

Time* 

Required 

(hr) 

3S-RF-TSE 

(hr) 

26-TSE 

(hr) 

MRP 

10 

500 

3160 

708 

75* 

15 

750 

6410 

1.78  x  105 

60% 

60 

3000 

4910 

00 

35% 

10 

500 

2.51  x  104 

00 

5% 

5 

250 

CO 

»  1 

‘Total  mission 

time  = 

5000 

hours . 

Operating  5.72  times  as  long  as  the  2S-TSE  during  the  mission 
with  nigh  temperatures  and  stresses,  the  3S-RF-TSE  high- 
temperature  components  should  thus  be  designed  for  5.72  times 
the  absolute  life.  Additional  safety  margin  (comprising  less 
than  5  percent  mission  time)  may  be  introduced  to  account  for 
(a)  increased  TIT  on  a  hot  day  to  minimize  power  lapse  (the 
life  analysis  was  made  for  an  engine  with  maximum  standard 
day  TIT  =  2250°F,  with  TIT  increased  to  a  maximum  of  2400°F 
on  a  hot  day),  and  (b)  flexibility  (i.e.,  ambient  temperature 
>95°F  on  a  hot  day;  the  selected  3S-RF-TSE  will  not  encounter 
the  power  "cliff"  up  to  95°F  (see  again  Figure  23)  .  Any 
subsequent  increase  in  ambient  temperature  over  95°F  must  be 
countered  with  an  increase  in  TIT — 25°F  for  every  5°F  in¬ 
crease  in  ambient  temperature) . 

Several  options  were  available  for  extending  the  life  of  the 
3S-RF-TSE  turbine.  A  cursory  calculation  indicated  that  the 
turbine  life  could  be  extended  by  a  factor  of  10  by  reducing 
the  HP-spool  design  speed  by  10  percent  (from  75,000  rpm  to 
67,000  rpm).  Reducing  the  backward-sweep  angle  on  the  HP 
compressor  blades  produces  the  same  pressure  rise  and  effi¬ 
ciency  at  the  lower  rotational  speed.  The  lower  speed  also 
results  in  a  one-point  decrease  in  the  HP  turbine  efficiency 
as  a  result  of  the  reduced  velocity  ratio.  The  performance 
penalty  for  these  changes  is  1/2  percent  in  SFC  and  horse¬ 
power.  The  performance  data  and  comparisons  presented  in 
the  following  sections  of  this  report  are  based  in  this 
revised  design. 
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4.4  FLIGHT-SPEED  POWER-LAPSE  CHARACTERISTICS 


Based  on  the  preliminary  data  available  prior  to  this  study, 
it  appeared  that,  because  of  variation  in  operating  charac¬ 
teristics  of  the  3S-RT-TSE  with  flight  speed,  there  exists  a 
unique  design  (a  specific  cycle  P/P,  TIT,  and  exhaust  dif¬ 
fuser  P/P)  to  optimize  for  each  flight  spee  1  specified  for 
the  mission.  Detailed  analyses,  however  he^e  shown  that  one 
engine  design  can  provide  optimum  performance  for  all  flight 
speeds.  To  arrive  at  tnis  conclusion,  two  methods  were  in¬ 
vestigated  for  engine  optimization  at  different  flight  speeds: 

1.  Varying  design-point  TIT  and  exhaust  diffuser  P/P. 

2.  Rematching  components  to  improve  efficiency  at 
higher  flight  speeds. 

4.4.1  Varying  TIT  and  Exhaust  Diffuser  P/P 

The  previous  analysis  (see  Paragraph  4.3)  has  shown  that 
superior  performance  is  achieved  by  minimizing  design-point 
exhaust  diffuser  P/P  and  maximizing  design-point  TIT  (see 
again  Figures  21  and  22).  Therefore,  only  changes  in  TIT 
with  constant  exhaust-diffuser  P/P  equal  to  approximately 
1.06  will  be  diagnosed. 

Shown  in  Figure  25  is  the  variation  in  corrected  TIT  versus 
corrected  horsepower  with  flight  speed  and  design-point  TIT. 
Superimposed  on  the  curves  are  lines  of  constant  maximum 
allowable  corrected  TIT  (TIT  =  2400°F,  ambient  temperature 
=  95°F) .  For  constant  corrected  horsepower,  the  required 
corrected  TIT  drops  faster  than  maximum  allowable  corrected 
TIT  with  increased  flight  speed,  shown  again  in  Figure  26. 

This  is  because  the  ram  pressure  effect  is  greater  than  the 
ram  temperature  effect.  Therefore,  the  most  restrictive 
operating  condition  is  hot  day,  zero  flight  speed.  During 
off-design  operation,  while  holding  constant  actual  TIT,  the 
engine  with  increasing  flight  speed  will  not  experience  the 
power  lapse  encountered  by  the  engine  operating  with  constant 
actual  TIT  and  increasing  ambient  temperature.  As  shown  in 
Figure  25,  the  engine  is  overdesigned  at  higher  flight  speeds; 
i.e.,  performance  could  be  improved  at  higher  flight  speeds 
by  raising  the  design  point  TIT.  However,  this  could  be 
done  only  at  the  expense  of  a  power  lapse  at  lower  flight 
speeds , 

In  summary,  a  unique  design-point  TIT  Cand  therefore  one 
engine  design)  provides  optimum  overall  performance  for  all 
flight  speeds  because  (a)  performance  improves  with  increasing 
flight  speed  and  (b)  power  lapse  must  be  avoided  at  lower 
flight  speeds. 
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TIT/62  Versus  Corrected 
Shaft  Horsepower  for 
Varying  Flight  Speed. 


AIRSPEED,  KTS 

Figure  26.  TIT/e2  Versus  Airspeed 
for  3  S-RF-TSE. 
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4.4.2  Rematching  Components 

Compressors  and  turbines  could  be  rematched  to  provide  im¬ 
proved  off-design  efficiency  at  higher  flight  speeds.  Figures 
27  and  28  show  the  variation  in  component  off-design  effi¬ 
ciency,  between  the  low-  and  high-speed  flight,  for  an  engine 
optimized  for  low-speed  flight. 

Both  compressors  can  be  rematched  by  selecting  the  turbine 
nozzle  area  needed  to  shift  the  400-knot  operating  lines  to 
the  position  of  the  zero-knot  operating  lines.  The  turbines 
would  be  redesigned  to  provide  maximum  velocity  ratio  at 
400  knots.  As  summarized  in  Table  X,  compressor  and  turbine 
efficiency  can  be  slightly  improved  by  optimizing  for  400 
knots.  However,  an  influence  coefficient  study  shows  that 
this  results  in  only  0.59  percent  improvement  in  SFC  at  MRP 
and  0.64  percent  lower  SFC  at  60  percent  power. 

It  was  therefore  concluded  that  no  significant  cycle  perfor¬ 
mance  improvement  can  be  obtained  by  rematching  the  components 
for  the  high-speed  condition. 


TABLE  X.  PERFORMANCE  DIFFERENCES  AT  400  KNOTS 
BY  REMATCHING  COMPONENTS 


MRP  60%  Power 

(%  Points)  (%  Points) 


4nLP 

COMPRESSOR 

<N 

. 

© 

1 

+0.5 

4  4  HP 

COMPRESSOR 

+1.5 

0 

4  4  HP 

TURBINE 

0 

0 

44PT 

0 

0 

4nLP 

TURBINE 

+0.15 

+0.35 

4  SFC 

-0.59 (%) 

-0.64  (%) 

i 
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Figure  27.  Compressor  Efficiency  Versus 
Corrected  LP  Spool  Speed  for 
3S-RF-TSE. 
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Figure  28.  Turbine  Efficiency  Versus 

Corrected  LP  Spool  Speed  for 
3  S-RF-TSE. 
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4.5  OFF-DESIGN  PERFORMANCE  DATA 


4.5.1  3S-RF-TSE  Performance  Data 

Off-design  performance  was  determined  for  the  3S-RF-TSE  at 
the  various  throttle,  altitude,  airspeed,  and  temperature 
conditions  delineated  in  Table  XI.  The  data  are  presented 
in  Appendix  I.  For  each  of  the  operating  conditions  specified 
in  Table  XI,  the  following  parameters  are  presented  to  illus¬ 
trate  the  off-design  performance  of  the  engine: 

Shaft  horsepower 
SFC 

Engine  airflow 
TIT 

LP  spool  speed 
HP  spool  speed 
LP  compressor  P/P 
HP  compressor  P/P 

Cycle  P/P  (including  inter-compressor  duct  loss) 


TABLE  XI.  OFF-DESIGN  OPERATING  CONDITIONS 

Altitude 

(ft) 

Airspeed 

(kts) 

Ambient 

Temperature 

Power 

(% 

Setting 

MRP) 

0 

0 

to 

400 

Std 

100, 

60, 

45, 

30, 

5 

4000 

0 

to 

400 

Std 

100, 

60, 

45, 

30, 

5 

6000 

0 

to 

400 

Std 

100, 

60, 

45, 

30, 

5 

10,000 

0 

to 

400 

Std 

100, 

60, 

45, 

30, 

5 

15,000 

0 

to 

400 

Std 

100, 

60, 

45, 

30, 

5 

20,000 

0 

to 

400 

Std 

100, 

60, 

45, 

30, 

5 

25,000 

0 

to 

400 

Std 

100, 

60, 

45, 

30, 

5 

4000 

0 

to 

400 

95°F 

100, 

60, 

45, 

30, 

5 

6000* 

0 

95°F 

100 

r  i 

*These  data  are  presented  in  Table  XIV  in  Appendix  I. 
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During  the  evaluation  of  off-design  (steady-state)  operation, 
the  following  guidelines  and  limitations  were  followed: 

1.  Power  turbine  spool  speed  =  ICO  percent  (constant) 

2.  Maximum  TIT  =  2400°F.  This  limit  was  attained  only 
during  hot-day  operation. 


3.  Maximum  corrected  LP  spool  speed  (NLp//ea)  =  100  per¬ 
cent  (34,600  rpm) .  Thus,  as  will  be  discussed  in 
Section  5,  the  engine  is  rated  on  corrected  LP  spool 
speed  with  a  TIT  limit  of  2400°F. 

4.  Minimum  steady-state  surge  margin  =  5  percent.  This 
steady-state  limit  was  stipulated  in  order  to  provide 
surge  range  (above  the  4-percent  minimum)  for  tran¬ 
sients.  This  5-percent  limit  was  not  encountered 
for  any  steady-state  operating  point  within  the 
flight  spectrum  examined. 

5.  Maximum  LP  and  HP  spool  speeds  (actual)  encountered 
were  105  percent  (36,300  rpm)  and  103  percent 
(69,000  rpm),  respectively,  occurring  at  MRP,  4000 
feet,  95°F. 

4.5.2  2S-TSE  Performance  Data 

In  order  to  provide  a  basis  for  evaluating  the  off-design 
operating  characteristics  of  the  3S-RF-TSE,  off-design  per¬ 
formance  data  were  determined  for  the  2S-TSE  at  the  same 
operating  conditions  (Table  XI).  The  performance  data  for 
this  engine  are  presented  in  Appendix  II.  The  following 
parameters  are  presented  to  indicate  the  off-design  charac¬ 
teristics  of  this  engine: 

Shaft  horsepower 

SFC 

Engine  airflow 

Cycle  P/P 

Gas  generator  speed 
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The  following  guidelines  and  limitations  were  observed: 

1.  Power  turbine  spool  speed  =  100  percent  (constant) 

2.  The  engine  was  rated  on  TIT  as  follows  (anticipat¬ 
ing  a  gas  generator  spool  speed  override  if  neces¬ 
sary)  : 


MRP 

=  24  00°F 

60%  MRP 

=  198  0°F 

45%  MRP 

=  1845°F 

30%  MRP 

=  1695°F 

5%  MRP  (idle) 

=  1400°F 

3.  Maximum  gas  generator  spool  speed  (actual)  encoun¬ 
tered  was  41,180  rpm  (100.9  percent)  occurring  at 
MRP,  4000  feet,  95°F,  400  knots.  This  overspeed  is 
insignificant,  and  a  gas  generator  spool  speed  was 
not  required. 

4. 6  PERFORMANCE  SCALING 

The  performance  studies  that  have  been  discussed  previously 
were  conducted  with  an  airflow  of  6.5  pounds  per  second  for 
both  engines.  A  cursory  study  was  made  to  determine  the 
variation  of  component  performance  over  the  range  of  airflows 
from  4.0  to  9.0  pounds  per  second.  Influence  coefficients 
were  then  used  to  determine  MRP  performance  (shaft  horsepower 
and  SFC )  over  this  range  of  airflows  for  performance  scaling. 

Compressor  adiabatic  efficiency  was  found  to  vary  as  shown  in 
Figure  29,  and  HP  turbine  and  gas  generator  turbine  efficiency 
varied  as  indicated  in  Figure  30.  LP  turbine  and  power  tur¬ 
bine  efficiencies  were  assumed  unchanged  over  this  range  of 
airflows . 

The  resulting  MRP  performance  of  the  two  engines  from  4.0  to 
9.0  pounds  per  second  is  indicated  in  Figure  31. 
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Figure  29.  Compressor  Adiabatic  Efficiency 
Versus  Airflow. 
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Figure  30.  HP  Turbine  Efficiency  Versus 
Airflow. 
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Figure  31.  Performance  Scaling  Curves. 
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CONTROL  AND  TRANSIENT  STUDIES 


5  . 


Control  and  system  response  and  stability  analyses  were  con¬ 
ducted  for  the  two  engine  configurations.  Features  of  a 
feasible  control  system  for  the  3S-RF-TSE  are  discussed. 
System  stability  and  transient  characteristics  of  the  two 
engines  were  determined  by  use  of  digital  and  analog  computer 
simulations  of  the  engine/control  systems. 

5.1  CONTROL  REQUIREMENTS 


5.1.1  3S-RF-TSE  Control 

Figure  32  illustrates  the  basic  control  configuration  selected 
for  the  3S-RF-TSE .  The  objectives  of  this  system  are  (a)  to 
produce  steady-state  droop-free  control  of  power  turbine 
speed;  (b)  to  present  the  pilot  with  a  four-position  power- 
control  lever  corresponding  to  engine  off,  engine  start,  idle 
control,  and  maximum  power;  and  (c)  to  further  provide  surge- 
free  engine  operation  with  rapid  collective-pitch  transients 
in  increasing  and  decreasing  power  directions. 

In  this  system,  the  power  lever  generates  two  reference 
levels;  HP  spool  speed  and  fuel  flow.  The  commanded  param¬ 
eter  value  is  compared  to  the  actual  value,  and  each  differ¬ 
ence  is  passed  to  a  "lowest  wins"  logic  network.  This 
network  compares  the  magnitude  and  sign  of  two  or  more  inputs 
and  transmits  that  signal  which  results  in  the  lowest  engine 
fuel  flow.  The  output  of  the  "lowest  wins"  is  passed  to  the 
fuel-delivery  system,  which  increases  or  decreases  fuel  flow 
to  reduce  the  error  to  zero.  The  "lowest  wins"  network 
receives  additional-  difference  signals  from  a  power  turbine 
speed-control  loop  and  from  a  TIT  control  loop. 

A  conceptual  schematic  of  the  fuel-metering  section  is  pre¬ 
sented  in  Figure  33.  The  design  is  such  that  for  zero  input 
current,  the  OPEN  and  CLOSE  pressures  applied  to  the  actuating 
piston  are  equal.  For  a  positive  input  current,  the  OPEN 
pressure  exceeds  the  CLOSE  pressure;  and  for  a  negative  input 
current,  the  opposite  applies.  A  shaped  plunger  would  be 
connected  directly  to  the  actuating  piston;  thus,  the  inser¬ 
tion  of  this  plunger  into  a  throttle  area  is  controlled  di¬ 
rectly  by  the  actuating  piston  position.  A  constant  pressure 
drop  is  maintained  across  the  throttle  area  oy  the  bypass 
regulator;  hence,  fuel  flow  is  a  direct  function  of  both 
actuator  position  and  the  plunger  profile. 
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COLLECTIVE 
PITCH  CONTROL 


Figure  32.  Basic  Control  Configuration  for  the  3S-RF-TSE 


The  use  of  an  integrating  control  system,  while  offering 
strong  advantages  in  operating  accuracy,  presents  some  dif¬ 
ficulty  during  engine  start.  Clearly,  if  the  start  is  at¬ 
tempted  under  control  of  a  speed  governor,  the  metering  valve 
will  position  for  the  maximum  fuel  flow.  For  this  reason, 
a  position  feedback  transducer  is  coupled  to  the  throttle 
actuator  and  start-flow  is  specified  as  a  throttle  position. 
Figure  34  illustrates  a  characteristic  plot  of  HP  spool  speed 
versus  valve  position,  the  shape  being  obtained  by  control  of 
the  plunger  profile  previously  described.  Clearly,  with  the 
engine  off,  HP  spool  speed,  power  turbine  speed,  and  TIT  will 
be  below  their  respective  reference  levels  and  will  all  cor¬ 
respond  to  fuel-increase  inputs  to  the  "lowest  wins"  block  of 
Figure  ?2.  As  the  engine  start  cycle  is  initiated,  fuel  pres¬ 
sure  will  be  applied  to  the  throttle  control  actuator  which, 
in  turn,  will  slew  to  the  reference  position  shown  in  Fig¬ 
ure  34.  On  completion  of  the  start  sequence,  the  HP  spool 
speed  will  accelerate  toward  the  value  corresponding  to  the 
start-throttle  position.  This,  however,  is  somewhat  higher 
than  the  start  reference  speed  and,  as  actual  speed  approaches 
reference  speed,  control  will  revert  to  speed  governing. 

Figure  35  illustrates  a  typical  profile  of  HP  spool  speed  and 
power  turbine  speed  for  minimum  and  maximum  rotor  load  con¬ 
ditions.  Advancing  the  power  lever  to  the  idle  position  in¬ 
creases  the  valve  position  command  to  maximum  fuel  flow  and 
the  HP  spool  speed  command  reference  to  idle.  The  value  of 
idle  HP  spool  speed  is  selected  such  that,  with  minimum 
collective  pitch,  the  steady-state  power  turbine  speed  exceeds 
100  percent.  As  the  power  turbine  attempts  to  accelerate  to 
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START  (NO  SCALE) 

THROTTLE  ACTUATOR  STROKE.  % 


Figure  34.  Characteristic  HP  Spool  Speed  Versus 
Fuel  Metering  Valve  Position. 
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Figure  35 .  a  Typical  Profile  of  HP  Spool  Speed 

Versus  Power  Turbine  Speed  for  Maximum 
and  Minimum  Rotor  Load. 

a  speed  greater  than  100  percent,  control  reverts  to  the  power 
turbine  speed  governor.  The  power  lever  may  now  be  advanced 
to  the  maximum  power  position,  which  results  in  the  HP  spool 
limit  speed  reference  corresponding  to  100  percent  power  tur¬ 
bine  speed  with  maximum  collective  pitch.  Steady-state  con¬ 
trol  of  the  engine  between  idle  power  and  maximum  power  is 
now  exclusively  a  function  of  collective  pitch,  power  turbine 
speed  being  maintained  at  100  percent  and  free  from  droop. 

Control  of  overfueling  margin  was  shown  to  be  free  of  surge- 
margin  constraints  during  engine  acceleration  transients. 

Thus,  the  only  transient  constraint  is  TIT.  The  control 
schematic  of  Figure  32  includes  this  control  function.  Simi¬ 
larly,  engine  control  during  deceleration  was  shown  to  be 
primarily  a  function  cf  constraining  the  deceleration  rate  of 
corrected  HP  spool  speed  as  a  function  of  corrected  LP  spool 
speed.  Implementation  of  this  control  is  shown  in  Figure  36. 
In  this  case,  a  "highest  wins"  logic  block  is  interposed  be¬ 
tween  the  "lowest  wins"  and  the  fuel  system.  LP  compressor 
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Figure  36.  Deceler 


speed,  corrected  to  inlet  temperature,  is  entered  into  a 
function  generator,  the  output  of  which  corresponds  to  mini¬ 
mum  HP  spool  speed,  corrected  to  inlet  temperature .  This 
minimum  HP  spool  speed  is  multiplied  by  and  then  compared 
to  physical  spool  speed.  If  the  spool  speed  attempts  to  fall 
below  the  minimum  allowable,  the  action  of  the  "highest  wins" 
block  prevents  further  defueling  and  thereby  prevents  the 
engine  from  entering  surge  conditions. 

5.1.2  2S-TSE  Control 

The  control  system  for  the  2S-TSE  consists  of  (a)  an  acceler¬ 
ation  schedule  to  avoid  surge  and  turbine  overtemperature, 

(b)  a  deceleration  schedule  to  prevent  lean-combustor  blowout, 

(c)  a  gas  generator  speed  governor,  and  (d)  a  power  turbine 
speed  governor.  Figure  37  is  a  block  diagram  showing  the 
functional  aspects  of  the  control.  The  maximum  schedule  is 
fuel  flow  to  compressor  discharge  P/P  versus  gas  generator 
speed.  Although  not  indicated  on  the  diagram,  the  scheduled 
ratio  is  corrected,  as  is  gas  generator  speed.  It  was  found 
that  lean-combustor  blowout  could  be  avoided  by  scheduling  a 
constant  minimum  corrected  ratio.  It  was  assumed  for  the 
purposes  of  this  study  that  the  variable-geometry  actuation 
is  of  such  a  rate  that  it  was  always  positioned  to  allow 
this  scheduling. 

The  power  turbine  governor  resets  the  gas  generator  governor 
to  increase  or  decrease  gas  generator  speed  to  accommodate 
changes  in  rotor  load.  The  system  is  designed  to  maintain 
power  turbine  speed  for  changes  in  load.  Because  of  propor¬ 
tional  control,  there  will  be  some  droop  of  power  turbine 
speed.  The  control  gains  were  chosen  from  the  stability 
study  to  give  good  transient  characteristics  and  reasonable 
power  turbine  droop  (less  than  3  percent) .  It  was  not  the 
purpose  of  this  study  to  optimize  a  control;  therefore,  the 
control  parameters  that  do  not  affect  transient  acceleration 
and  deceleration  times  were  not  considered. 

A  linear  mathematical  engine/rotor  model  for  the  2S-TSE  was 
generated  based  on  steady- state  unbalanced  torque  data. 

Except  for  the  acceleration  and  deceleration  schedules,  the 
fuel  control  has  a  negligible  effect  on  the  transient  results 
for  the  large  changes  in  rotor  load  that  were  considered. 
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Figure  37.  Functional  Block  Diagram  for 
Control  Used  for  the  2S-TSE. 
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5.2  POWER  MANAGEMENT 


As  with  other  conventional  turboshaft  engines,  the  2S-TSE  is 
rated  on  TIT  with  a  gas  generator  speed  override.  As  shown 
in  Figure  38,  the  turbine  arrangement  for  the  3S-RF-TSE 
causes  unconventional  variation  in  turbine  temperature  with 
engine  power.  In  many  instances,  more  than  one  value  of 
horsepower  is  produced  for  a  given  TIT,  which  eliminates  TIT 
as  a  power-rating  parameter. 

Since  a  relatively  constant  off-design  power  turbine  specific 
work  is  maintained,  the  3S-RF-TSE  throttles  almost  entirely 
with  LP  compressor  airflow.  Therefore,  LP  spool  corrected 
speed  (NLp//e2)  was  chosen  for  the  engine  rating  parameter 

because  of: 

1.  The  close  correlation  between  corrected  LP  spool 
speed  and  engine  airflow, 

2.  The  accuracy  of  speed  measurement,  and 

3.  The  unique  value  of  corrected  LP  spool  speed  that 
exists  for  each  power  setting. 

Figure  39  shows  corrected  LP  spool  speed  versus  corrected 
horsepower  with  lines  of  constant  flight  speed.  The  curves 
are  nondimens ionali zed  to  include  all  altitudes  and  ambient 
temperature  variations.  The  LP  spool  speeds  selected  to  rep¬ 
resent  the  various  throttle  settings  are  indicated  on  this 
figure. 
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Figure  39.  Corrected  Shaft  Horsepower  Versus  Corrected 
LP  Spool  Speed  for  3  S-RF-TSE. 
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5.3  STABILITY  ANALYSIS 


Conventional  Bode  plot  techniques  were  employed  to  demonstrate 
engine/control-system  stability  for  both  engine  configurations. 
The  technique  utilized  was  to  disconnect  the  rotor  load  and 
dynamics  from  the  engine  model  and  then  to  input  a  step  change 
in  rotor  load. 

A  linear  engine/load  model  was  prepared  for  the  3S-RF-TSE 
since  the  digital  thermodynamic  model  used  for  assessment  of 
acceleration  and  deceleration  characteristics  is  nonlinear. 

A  block  diagram  of  the  fuel  control,  engine,  and  rotor  load 
in  linearized  transfer  function  form  is  presented  in  Figure  40. 
Selection  of  fuel  control  gain  (Kf)  and  lead-time-constant  (t) 
values  was  accomplished  by  conventional  frequency-response 
techniques,  the  final  values  being  2.0  and  0.65,  respectively. 

Verification  of  the  resulting  linear  model  was  achieved  by 
comparing  its  response  with  the  nonlinear  model  when  sub¬ 
jected  to  a  5-percent  fuel-flow  step  at  MRP.  Figure  41  il¬ 
lustrates  the  response  of  both  models  and  shows  good  agree¬ 
ment. 

Figure  42  illustrates  the  Bode  plot  for  the  system  with  the 
feedback  signal  disconnected.  The  system  is  stable  as  in¬ 
dicated  by  the  130-degree  phase  margin  (arrows  in  Figure  42) . 

In  order  to  verify  closed- loop  stability,  the  linear  model 
was  mechanized  in  digital  form  with  use  of  the  IBM  Continuous 
System  Modeling  Program  (CSMP)  in  the  IBM  1130  Computer.  Con¬ 
ditions  were  initiated  at  rotor  speed  =  100  percent  and  rotor 
load  =  60  percent,  after  which  rotor  load  was  stepped  to  100 
percent.  The  transient  response  of  the  system  is  represented 
in  Figure  43  and  demonstrates  a  well-ordered  control  action. 
Maximum  power  turbine  droop  during  the  transient  is  con¬ 
strained  to  0.45  percent. 

A  similar  stability  analysis  was  conducted  for  the  2S-TSE  with 
use  of  the  linear  engine/load  model  developed  for  the  tran¬ 
sient  study.  The  270-degree  phase  margin  implied  for  this 
engine  on  the  Bode  plot  of  Figure  44  assures  open-loop  sta¬ 
bility.  A  perturbation  analysis  of  the  closed-loop  system 
was  conducted  on  the  analog  computer  (comparable  to  the  CSMP 
technique  used  for  the  3S-RF-TSE) .  Again,  well-ordered  system 
response  to  a  step  change  in  rotor  load  is  indicated  in  Fig¬ 
ure  45. 
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Response  for  Both  Linear 
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Figure  42.  Bode  Plot  Illustrating  Open-Loop  Stability 
of  3  S-RF-TSE. 
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Figure  43.  CSMP  Data  Showing  Closed-Loop  Stability  of  3S-RF-TSE. 
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Figure  44.  Bode  Plot  Illustrating  Open-Loop 
Stability  of  2S-TSE. 
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Figure  45.  Analog  Perturbation  Study 

Showing  Closed-Loop  Stability 
Of  2S-TSE. 
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5.4  ENGINE  TRANSIENT  ANALYSIS 


5.4.1  Assumptions 

The  following  assumptions  were  used  for  the  transient  analysis 
of  both  engines. 

1.  Load  application  (collective)  from  idle  to  MRP 
in  1.0  second  (linear). 

2.  Transient  over temperature  limit  -  100°F 
(to  2500°F)  . 

3.  Minimum  compressor  surge  margin  from  nominal 
surge  -  4  percent  [see  Equation  (2)  for  surge 
margin  definition] . 

4.  Reflected  gearbox  characteristics  as  defined 
by  Figure  46. 


POWER 

TURBINE 


SHAFT 

STIFFNESS 


18,580 


FT- LB 
SEC  RPM 


N 


■e- 


SHAFT  _  ,nf.  FT-LB 
DAMPING  RPM 


POWER  TURBINE 
DAMPING  =  0.30 


ROTOR 


NR  =  225  RPM 


Jr).J444 


ROTOR 

DRAG 


NOTE :  CHARACTERISTICS  ARE 

REFERENCED  TO  ROTOR  SPEED. 


Figure  46.  Schematic  of  Reflected  Gearbox 
Characteristics  Used  for 
Transient  Study. 
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5.4.2  Transient  Analysis  for  3S-RF-TSE 

The  transient  characteristics  of  the  3S-RF-TSE  were  determined 
by  using  a  computerized  thermodynamic  model  of  the  engine  and 
an  ideal  control  system.  The  primary  limitation  in  engine 
overfueling  was  TIT,  since  surge  margin  for  both  the  HP  com¬ 
pressor  and  LP  compressor  were  in  excess  of  the  4-percent 
limit. 

Transient  characteristics  were  determined  by  the  flight  condi¬ 
tions  defined  in  Table  XII.  Results  of  the  acceleration  study 
are  presented  in  Figure  47,  which  shows  the  time  required  for 
the  engine  to  reach  95  percent  MRP  when  accelerated  from 
various  initial  horsepower  points.  From  this  figure  it  can 
be  concluded  that  acceleration  response  time  is  increased 
with 

1.  Decreasing  flight  speed 

2.  Increasing  altitude 

3.  Increasing  ambient  temperature 


TABLE  XII.  TRANSIENT  CONDITIONS  FOR  THE 
3S-RF-TSE  STUDY 


Day 

Altitude 

(ft) 

Flight  Speed 
(kts) 

Transient 

Std 

0 

0, 

200,  400 

Accel 

from 

idle  to  MRP 

Std 

0 

0, 

200,  400 

Accel 

from 

30%  to  MRP 

Std 

0 

0, 

200,  400 

Accel 

from 

60%  to  MRP 

Std 

0 

o. 

200,  400 

Decel 

from 

MRP  to  idle 

Std 

0 

0, 

200,  400 

Decel 

from 

MRP  to  60% 

Std 

and 

95 °F  4000 

0 

and  400 

Accel 

from 

idle  to  MRP 

Std 

and 

95 °F  4000 

0 

and  400 

Decel 

from 

MRP  to  idle 

Std 

10,000 

0 

and  400 

Accel 

from 

idle  to  MRP 

Std 

10,000 

0 

and  400 

Decel 

from 

MRP  to  idle 
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Figure  47.  Acceleration  Characteristics  of  3S-RF-TSE 


TIME  TO  95%  MRP,  SEC 
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Figure  48  indicates  the  results  of  the  deceleration  study, 
showing  the  time  required  to  traverse  ''S  percent  of  the  power- 
demand  change  when  decelerated  from  MRP.  From  this  figure  it 
can  be  concluded  that  deceleration  time  is  increased  with 

1.  Increasing  flight  speed 

2.  Increasing  altitude 

3.  Increasing  ambient  temperature  (negligible  effect) 

Figures  49  and  50  demonstrate  the  relative  behavior  of  the 
three  spool  speeds ,  TIT ,  and  output  torque ,  during  a  sea- 
level  static  acceleration  and  deceleration,  respectively. 

During  the  analysis  it  became  evident  that,  when  starting 
from  low  initial  horsepower,  power  turbine  droop  conditions 
would  result  through  the  acceleration  (refer  to  Figure  49). 

Two  of  the  ground  rules  established  for  the  study  (i.e., 

2500 °F  maximum  acceleration  TIT  and  a  load-ramp  time  of  1  sec¬ 
ond  from  idle  to  MRP)  had  a  significant  effect  on  this  droop. 
In  order  to  preserve  the  comparative  compatibility  between 
the  two  engine  studies,  these  ground  rules  were  not  changed, 
and  the  data  presented  include  these  effects.  However,  in 
retrospect,  it  was  apparent  that  several  variations  of  these 
ground  rules,  as  well  as  other  devices,  could  have  been  em¬ 
ployed  to  counteract  the  droop  condition. 

For  example,  consider  the  fixed  TIT  limit.  The  3S-RF-TSE  has 
an  inherent  acceleration  handicap,  since  it  is  essentially 
throttled  by  reduction  of  airflow  rather  than  TIT,  this  being 
a  characteristic  of  the  turbine  arrangement  and  the  mechanism 
by  which  its  good  part-power  performance  is  obtained  (see 
Paragraph  4.2).  The  airflow  at  idle  for  the  2S-TSE  is  approxi¬ 
mately  50  percent  of  its  MRP  airflow,  while  the  3S-RF-TSE 
idle  airflow  is  only  20  percent  of  its  MRP  value.  Figure  51 
illustrates  a  plot  of  power  turbine  droop  as  a  function  of 
airflow  at  the  start  of  the  transient  and  shows  that  the 
droop  increases  significantly  as  the  airflow  decreases  below 
50  percent  of  its  MRP  airflow. 
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Figure  48.  Deceleration  Characteristics  of  3S-RF-TSE 
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Figure  51.  Power  Turbine  Droop  Versus 
Initial  Airflow. 
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Since  both  airflow  and  ATIT  (between  idle  and  2500°F)  con¬ 
tribute  to  the  excess  torque  available  to  sustain  the  power 
turbine  and  accelerate  the  LP  compressor,  the  same  fixed  TIT 
for  both  engines  imposes  an  additional  burden  on  the  3S-RF-TSE. 
It  is  apparent  that  the  droop  that  results  from  the  low  air¬ 
flow  at  idle  with  the  3S- RF— TSE  could  be  mitigated  by  provid¬ 
ing  a  higher  maximum  TIT  at  these  lower  airflow  conditions 
and  that  the  temperature  increase  could  be  a  function  of  the 
LP  spool  speed.  Figure  52  illustrates  a  candidate  TIT  versus 
corrected  LP  spool  speed  schedule . 

/ 

Other  techniques  that  could  be  employed  to  reduce  the  droop 
and  possibly  increase  the  transient  resronse  rate  of  the 
3S-RF-TSE  are: 

1.  Variable  turbine  geometry. 

2.  A  limiter  between  the  collective  pitch 
control  stick  and  rotor  blade  angle  actuator 
such  that  for  low  airflow  conditions,  the 
collective  pitch  demand  rate  is;  reduced. 

3.  Some  form  of  load  anticipator  such  as  collective- 
pitch  reset  of  the  power  turbine  governor  to  reset 
the  gas  generator  governor  when  the  collective  pitch 
control  stick  is  moved  rather  than  waiting  to  sense 
the  power  turbine  droop. 

4.  Power  transfer  from  the  power  shaft  to  the  LP  spool 
to  increase  the  airflow. 

These  investigations  were  considered  to  be  beyond  the  scope 
of  this  study  but  would  be  essential  for  optimizing  the 
transient  characteristics  of  the  3S-RF-TSE. 
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Figure  52.  Candidate  TIT  Versus  Corrected  LP  Spool  Speed. 
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5.4.3  Transient  Analysis  for  2S-TSE 


Figure  53  shows  the  acceleration  characteristics  of  the 
2S-TSE  from  idle  (5  percent  MRP)  to  MRP  for  the  sea-level, 
standard-day,  static  case.  The  gas  generator  spool  ac¬ 
celerated  from  74.7  percent  speed  (IDLE)  to  100  percent 
speed  (MRP)  in  approximately  1.6  seconds.  The  power  turbine 
speed  dropped  from  102.8  percent  to  100.0  percent  speed, 
and  95  percent  MRP  was  attained  within  1.3  seconds.  A 
transient  speed  excursion  to  97.7  percent  was  noted  during 
the  acceleration.  Transient  response  of  other  engine  or 
control  parameters — TIT,  fuel  flow,  and  gas  generator  torque — 
is  included  in  the  figure. 

Figure  54  shows  the  deceleration  characteristics  of  the  engine 
from  MRP  to  idle  for  sea-level,  standard-day,  static.  The 
curves  show  the  same  information  as  in  the  acceleration  case. 
The  gas  generator  spool  speed  drops  down  to  within  0.5  per¬ 
cent  of  its  steady-state  value  in  1.65  seconds. 

The  results  of  the  acceleration  and  deceleration  study  for 
other  initial  throttle  settings  are  summarized  for  the  sea- 
level,  standard-day,  static  conditions  in  Figure  55. 
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6.  COMPARISON 


Based  on  the  studies  reported  in  the  preceding  sections,  a  com¬ 
parative  analysis  of  the  3S-RF-TSE  and  the  2S-TSE  was  conducted 
to  determine  the  advantages  of  each  with  respect  to  perform¬ 
ance,  weight,  envelope,  and  transient  characteristics. 

6.1  PERFORMANCE  COMPARISON 

The  off-design  performance  data  from  Appendix  I  and  Appendix  II 
were  cross-plotted  to  illustrate  the  trends  in  SFC  and  shaft 
horsepower  as  functions  of  altitude,  flight  speed,  and  ambient 
temperature.  The  engine  cycle  parameters  and  component  per¬ 
formance  used  for  the  off-design  study  is  summarized  in  Appen¬ 
dix  III.  As  shown  in  Figure  56,*  the  3S-RF-TSE  displays  a  more 
rapid  power-lapse  rate  with  increasing  altitude,  but  a  dif¬ 
ferent  presentation  of  the  same  data  as  shown  in  Figure  57  in¬ 
dicates  that  for  a  given  output  power,  it  provides  for  lower 
SFC  than  the  2S-TSE. 

The  effect  of  increasing  airspeed  (ram)  on  SFC  and  shaft  horse¬ 
power  is  shown  by  Figures  58  through  61.  For  sea-level, 
standard-day  conditions  the  higher  flight  speeds  increase  the 
shaft  horsepower  of  the  2S-TSE  somewhat  more  quickly  than  for 
the  3S-RF-TSE  as  shown  by  Figure  58.  Also  a  cross-plot  of  this 
data,  shown  in  Figure  59,  shows  that  the  part-power  SFC  advan¬ 
tage  of  the  3S-RF-TSE  is  retained,  although  diminished,  to  at 
least  400  knots.  The  ram  effects  at  4000- foot,  95 °F  conditions 
follow  similar  trends  (Figures  60  and  61) ,  but  the  3S-RF-TSE 
produces  a  5-percent  lower  SFC  at  cruise  (60  percent  power) 
than  the  2S-TSE. 

The  performance  characteristics  of  the  3S-RF-TSE  with  increas¬ 
ing  ambient  temperature  (Figure  62)  are  irregular  because  the 
engine  is  flat-rated.  Thus,  the  shaft  horsepower  increases 
slightly  as  the  ambient  temperature  is  increased  up  to  92  °F, 
at  which  point  the  maximum  temperature  limit  is  reached  and 
the  power  begins  to  lapse  at  a  rapid  rate. 

6.2  WEIGHT  AND  ENVELOPE  COMPARISON 

From  the  layout  studies  in  Section  3,  the  3S-RF-TSE  was  shown 
to  be  somewhat  larger  and  heavier  than  the  2S-TSE  having  the 
same  airflow.  Table  XIII  summarizes  the  weight  and  envelope 
differences  between  the  two  engines. 

♦Because  different  power-rating  schemes  were  used  (Section 
5.2),  the  part-power  lines  shown  on  Figures  56,  58,  and  60 
indicate  the  percentage  of  shaft  power  available  at  the  speci- 
specified  conditions  rather  than  percentage  of  MRP. 


84 


ALTITUDE,  FT  X  10" 3 


Figure  56.  Comparison  of  SFC  and  Shaft  Horsepower 
Versus  Altitude  (Static,  Standard-Day 
Conditions) . 
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Figure  57.  Comparison  of  SFC  Versus  Shaft 
Horsepower  at  Sea  Level  and 
25,000  Feet  (Static,  Standard- 
Day  Conditions)  . 
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Figure  59.  Comparison  of  SFC  Versus  Shaft  Horsepower 
for  Airspeeds  of  0  and  400  Knots. 


TABLE  XIII. 

BARE  ENGINE  WEIGHT  AND  ENVELOPE  COMPARISON 

Engine 

Engine 

Airflow 

(lb/sec) 

Engine 

Weight 

(lb) 

Engine 
Diameter 
(in. ) 

3S-RF-TSE 

6.5 

159 

15.0 

36.4 

2S-TSE 

6.5 

143 

14.0 

34.4 

Difference: 

0 

11 

7 

6 

(Percent) 
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Figure  60. 


Comparison  of  SFC  and  Shaft  Horsepower  Versus 
Airspeed  at  4000  Feet,  95°F,  MRP. 
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Figure  61.  Comparison  of  SFC  Versus  Shaft 
Horsepower  at  4000  Fe'.L,  Static, 
95°F-Day  Conditions. 
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Figure  62.  Comparison  of  SFC  and  Shaft  Horsepower 
Versus  Ambient  Temperature. 
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6.3  TRANSIENT  COMPARISON 


A  comparison  of  the  transient  characteristics  of  the  two 
engines  is  presented  in  Figure  63,  which  shows  the  time 
required  for  each  engine  to  reach  95  percent  MRP  when  accel 
erated  from  various  initial  horsepower  points.  The  more 
rapid  response  by  the  2S-TSE  is  primarily  a  result  of  its 
higher  part-power  airflow.  Several  techniques  and  devices 
are  available  that  could  reduce  the  response  time  of  the 
3S-RF-TSE  (discussed  in  Section  5.4.2). 


ACCEL  START  SHP,  %  MRP 


Figure  63.  Comparison  of  Acceleration  Characteristics 
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7 .  RECUPERATOR  SUITABILITY  STUDY 


The  suitability  of  the  3S-RF-TSE  for  recuperation  was  assessed 
and  compared  to  the  more  conventional  2S-TSE  configuration. 

The  cursory  study  that  was  conducted  investigated  the  suita¬ 
bility  of  integrating  the  recuperator  into  the  flow  path  and 
the  part-power  performance. 

7.1  RECUPERATOR  INTEGRATION 

A  typical  recuperator  arrangement  for  the  3S-RF-TSE  is  shown 
schematically  in  Figure  64.  The  flow  path  of  the  3S-RF-TSE 
is  well  suited  for  recuperator  integration  because: 

1.  The  maximum  diameter  for  the  unrecuperated  3S-RF-TSE 
is  set  by  the  exhaust-diffuser  length  needed  to 
minimize  cycle  exit  total  pressure  loss.  Therefore, 
a  concentric  recuperator  around  the  turbine/combustor 
section  would  require  only  a  nominal  increase  in 
engine  diameter. 

2.  The  proximity  of  the  turbine  exhaust  gas  and 
compressor  discharge  air  could  reduce  the  required 
ducting  and,  thus,  reduce  recuperator  AP  and  weight 
addition. 

7.2  PART-POWER  RECUPERATED  ENGINE  PERFORMANCE 

For  a  given  recuperator  installation,  the  part-power  effec¬ 
tiveness  is  inversely  proportional  to  the  airflow  and  gas 
flow  per  unit  area.  Therefore,  recuperator  effectiveness 
tends  to  increase  as  an  engine  is  throttled  because  the  air¬ 
flow  is  reduced.  However,  since  the  airflow  for  the 
3S-RF-TSE  is  reduced  more  rapidly  than  for  the  2S-TSE  (see 
again  Figure  17) ,  the  part-power  recuperator  effectiveness 
is  expected  to  be  higher  for  the  3S-RF-TSE. 

Again,  for  a  given  recuperator  installation,  the  energy  avail¬ 
able  for  recuperation  is  directly  proportional  to  the  average 
temperature  (TAVG)  of  the  hot  (turbine  exhaust)  gas  and  the 
cold  (compressor  discharge)  air.  The  part  power  TAVG  for 

both  the  3S-RF-TSE  and  the  2S-TSE  is  shown  in  Figure  65.  The 
TAVG  ^or  t*ie  3S-RF-TSE  is  lower  at  MRP  because  it  was  de¬ 
signed  with  150°F  lower  TIT  (flat-rated)  but  has  essentially 
the  same  compressor  discharge  temperature.  However,  the 
part-power  TAVG  for  the  3S-RF-TSE  increases  rapidly  as  the 

engine  is  throttled  (primarily  because  it  holds  an  almost 
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OUTPUT  POWER,  %  MRP 


Figure  65.  tavG  Versus  Percent  MRP 

for  2S-TSE  and  3S-RF-TSE. 

constant  TIT) .  The  part-power  T^Vq  for  the  2S-TSE  remains 
relatively  constant. 

The  recuperated  3S-RF-TSE  would  therefore  receive  the 
benefit  of  both  higher  TAVG  and  lower  airflow  to  provide 
improved  part-power  SFC.  These  trends  were  quantitatively 
evaluated  by  including  recuperator  effects  (c  =  75  percent, 
AP/P  =  6  percent)  into  the  cycle  calculations  for  both 
engines. 

As  expected,  recuperator  effectiveness  is  improved  for  both 
cycles  as  the  engines  are  throttled.  However,  as  shown  by 
Figure  66,  the  improvement  that  results  with  the  3S-RF-TSE 
is  considerably  greater  than  for  the  2S-TSE.  More  signifi¬ 
cantly,  the  comparison  of  part-power  SFC  shown  in  Figure  67 
indicates  a  lower  SFC  at  the  cruise  condition  (i.e.,  60  per¬ 
cent  MRP)  than  at  100  percent  MRP  for  the  3S-RF-TSE. 
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Figure  66.  Recuperator  Effectiveness 
Versus  Output  Power  for 
2S-TSE  and  3S-RF-TSE. 
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Figure  67.  SFC  Versus  Output  Power  for 
Recuperated  2S-TSE  and 
3S-RF-TSE . 
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It  is  important  also  to  note  that  for  TIT  in  the  range  of 
2250 °F  and  a  recuperator  effectiveness  in  the  range  of  65 
to  75  percent,  the  optimum  cycle  P/P  for  minimum  SFC  would 
fall  between  8:0  and  12:0.  A  quantitative  evaluation  of 
recuperator  performance  would  require  a  new  selection  of 
compressor  P/P  and  efficiency,  as  well  as  a  new  compressor 
design,  which  would  undoubtedly  result  in  a  new  compressor 
configuration.  Such  an  evaluation  was  considered  to  be  beyond 
the  scope  of  this  study. 

Thus,  while  this  study  made  no  attempt  to  optimize  either 
the  recuperator  or  the  cycle,  these  results  indicate  a 
distinct  performance  advantage  for  a  recuperated  version 
of  the  3S-RF-TSE. 
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8.  CONCLUSIONS 


As  a  result  of  the  analyses  conducted  during  this  study,  it 
was  concluded  that  the  combination  of  three  spools  and  the 
"reverse-flow"  turbine  arrangement  provides  for  the  following 
engine  characteristics: 

1.  All  compressors  and  turbines  of  the  3S-RF-TSE  oper¬ 
ate  close  to  their  optimum  efficiency  over  a  wide 
range  of  powers.  This  fact,  coupled  with  rela¬ 
tively  constant  power  turbine  specific  work,  indi¬ 
cates  that  as  much  as  5  percent  lower  SFC  is 
produced  at  cruise  (4000-foot,  static,  95°F-day 
conditions)  by  a  3S-RF-TSE  than  by  a  comparable 
2S-TSE. 

2.  Power  is  sensitive  to  ambient  temperature 
variations.  The  3S-RF-TSE  maintains  a  rela¬ 
tively  constant  TIT  ratio  (TIT/0 a)  as  the 
engine  is  throttled.  When  designed  with  the 
maximum  allowable  TIT  at  MRP  on  a  standard  day, 
the  engine  reaches  its  actual  TIT  limit  with 
only  a  slight  increase  in  ambient  temperature. 
Further  increases  in  ambient  temperature  must  be 
countered  by  a  reduction  in  TIT/0a ,  which  will 
produce  a  significant  hot-day  power  lapse.  The 
most  desirable  hot-day  power- lapse  characteristics 
are  obtained  by  lowering  the  design-point  TIT  or 
flat-rating  the  engine. 

3.  The  engine  will  not  encounter  a  flight  speed  power 
lapse  similar  to  the  hot-day  power  lapse  dis¬ 
cussed  above  because  the  ram  pressure  effect  is 
greater  than  the  ram  temperature  effect.  The 
most  restrictive  operating  condition  is  hot  day, 
zero  flight  speed.  Performance  could  be  improved 
at  higher  flight  speeds  by  raising  the  design-point 
TIT  but,  in  so  doing,  an  unacceptable  power  lapse 
would  result  at  the  lower  flight  speeds. 

4.  Because  the  engine  maintains  a  high  TIT  and  drops 
rapidly  in  airflow  as  the  engine  is  throttled,  the 
unbalanced  (or  excess)  torque  available  for  accel¬ 
eration  is  considerably  less  than  for  a  more  con¬ 
ventional  2S-TSE .  As  a  result,  the  2S-TSE  can 
accelerate  from  low  throttle  settings  to  MRP  in 
approximately  one-third  of  the  time  required  by 
the  3S-RF-TSE  (1.3  and  4.1  seconds,  respectively). 
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5.  When  compared  to  a  2S-TSE  with  the  same  output  power, 
the  flat-rated  3S-RF-TSE  has  a  somewhat  larger 
envelope  and  is  approximately  11  percent  heavier. 

6.  The  component  arrangement  and  cycle  of  the 
3S-RF-TSE  is  well  suited  for  recuperation.  The 
recuperator  can  be  integrated  into  the  flow  path 
with  only  a  nominal  increase  in  engine  diameter 
(frontal  area)  and  ducting  (weight) .  The  cycle  tem¬ 
peratures  (compressor  and  turbine  discharge)  and 
airflow  characteristics  produce  as  much  as  an  18- 
percent  lower  SFC  at  60  percent  power  than  a  com¬ 
parable  recuperated  2S-TSE. 

7.  The  power  turbine  spool  speed  (and,  thus,  the  un¬ 
geared  output  shaft  speed)  is  higher  for  the  3S-RF- 
TSE  (46,000  rpm  compared  to  34,500  rpm  for  the  2S-TSE) 
in  order  to  provide  a  power  turbine  diameter  that  can 
be  readily  integrated  between  the  HP  and  the  LP  tur¬ 
bine  with  high  efficiency  and  with  minimum  inter¬ 
turbine  duct  losses. 
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9 .  RECOMMENDATIONS 


In  order  to  determine  the  net  effect  of  the  lower  SFC  and 
higher  engine  weight,  computerized  helicopter  mission  studies 
should  be  conducted.  Also,  various  schemes  for  reducing  the 
transient  time  of  the  engine  should  be  investigated. 

Because  the  cycle  is  well  suited  for  recuperation,  more 
detailed  studies  should  be  conducted  to  optimize  this  cycle 
for  a  recuperator.  The  lower  cycle  pressure  ratio  that  would 
accompany  a  recuperated  engine  cycle  would  reduce  the  bare 
engine  weight,  as  well  as  some  of  the  losses. 


APPENDIX  I 

3S-RF-TSE  PERFORMANCE  TABLE  AND  CURVES 


TABLE  XIV. 

3S-RF-TSE  PERFORMANCE  DATA 
AT  6000  FEET,  95 °F,  MRP 

Parameter 

Values 

TIT 

2400°F 

NLp/ v^"a 

31,800  rpm 

SHP 

838  hp 

SFC 

0.458  lb/ shp-hr 

WA 

4.76  lb/hr 

P/P 
'  LP 

5.58 

P/P 
'  HP 

2.70 

CYCLE  P/P 

14.50 

nlp 

32,900  rpm 

nhp 

68,900  rpm 
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Figure  68.  Cycle  P/P  and  SFC  Versus  Percent  MRF  for 
3S-RF-TCE  at  Sea-Level,  Static,  Standard- 
Day  Conditions. 
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Figure  69. 


TIT  and  Airflow  Versus  Percent  MRP  for  3S-RF-TSE 
at  Sea-Level,  Static,  Standard-Day  Conditions. 
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Figure  70.  LP  and  HP  Compressor  p/p  Versus  MRP 
for  3 S-RF--TSE  at  Sea-Level,  Static, 
Standard-Day  Conditions. 
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Figure  71.  LP  Spool  Speed  and  HP  Spool  Speed  Versus 
Percent  MRP  for  3S-RF-TSE  at  Sea^  Level, 
Static,  Standard-Day  Conditions. 
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Figure  73.  SFC  Versus  Percent  Power  Turbine 
Speed  for  3  S-RF-TSE  at  Sea-Level, 
Static,  Standard-Day  Conditions. 
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Figure  74.  SFC  and  Shaft  Horsepower  Versus  Airspeed  for 
3S-RF-TSE  at  Sea-Level,  Standard-Day 
Conditions. 
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Figure  75 .  TIT  and  Airflow  Versus  Airspeed  for  3S-RF-TSE 
at  Sea-Level ,  Standard-Day  Conditions. 
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Figure  76.  LP  Spool  Speed  and  HP  Spool  Speed  Versus  Airspeed 
for  3S-RF-TSE  at  Sea-Level,  Standard-Day 
Conditions . 
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Figure  77.  HP  and  LP  Compressor  P/P  Versus 
Airspeed  for  3 S-RF-TSE  at  Sea- 
Level,  Standard-Day  Conditions. 
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Figure  78.  Cycle  p/p  Versus  Airspeed  for  3S-RF-TSE 
at  Sea-Level,  Standard-Day  Conditions. 
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Figui c  79.  Shaft  Horsepower  and  SFC  Versus 
Airspeed  for  3 S-RF-TSE  at  4000 
Feet,  Standard-Day  Conditions. 
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Figure  80.  Airflow  and  TIT  Versus  Airspeed 
for  3  S-RF-TSE  at  4000  Feet, 
Standard-Day  Conditions. 
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Figure  81.  HP  and  LP  Spool  Speed  Versus  Airspeed 
for  3 S-RF-TSE  at  4000  Feet,  Standard- 
Day  Conditions. 
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Figure  82.  HP  and  LP  Compressor  p/p  Versus 
Airspeed  for  3S-RF-TSE  at  4000 
Feet,  Standard-Day  Conditions. 
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Figure  83.  Cycle  p/p  Versus  Airspeed  for 

3 S-RF-TSE  at  4000  Feet,  Standard- 
Day  Conditions. 
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Figure  84.  Shaft  Horsepower  and  SFC  Versus 

Airspeed  for  3S-RF-TSE  at  4000  Feet, 
95°F-Day  Conditions. 
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Figure  85.  Engine  Airflow  and  TIT  Versus 

Airspeed  for  3S-RF-TSE  at  4000  Feet 
95°F-Day  Conditions. 
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86.  HP  and  LP  Spool  Speeds  Versus  Airspeed 
for  3S-RF-TSE  at  4000  Feet,  95°F-Day 
Conditions . 
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Figure  88.  Cycle  P/P  Versus  Airspeed  for 
3S-RF-TSE,  at  4000  Feet,  95 °F- 
Day  Conditions. 
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Figure  89.  Shaft  Horsepower  and  SFC  Versus 

Airspeed  for  3S-RF-TSE  at  6000  Feet, 
Standard-Day  Conditions. 
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Figure  90.  Engine  Airflow  and  TIT  Versus 
Airspeed  for  3  S-RF-TSE  at 
6000  Feet,  Standard-Day  Conditions. 
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Figure  91 .  HP  and  LP  Spool  Speed  Versus  Airspeed 
for  3 S-RF-TSE  at  6000  Feet,  Standard- 
Day  conditions. 
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Figure  92.  LP  and  HP  Compressor  p/p  Versus 
Airspeed  for  3S-RF-TSE  at  6000 
Feet,  Standard-Day  Conditions. 
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Figure  93. 


Cycle  p/p  Versus  Airspeed  for  3S-RF-TSE  at 
6000  Feet,  Standard-Day  Conditions. 
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Figure  94.  Shaft  Horsepower  and  SFC  Versus 
Airspeed  for  3 S-RF-TSE  at  10,000 
Feet,  Standard-Day  Conditions. 
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Figure  95.  Engine  Airflow  and  TIT  Versus 

Airspeed  for  3 S-RF-TSE  at  10,000 
Feet,  Standard- Day  Conditions. 
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Figure  96.  Airspeed  Versus  HP  and  LP  Spool  Speeds 
for  3 S-RF-TSE  at  10,000  Feet, 
Standard-Day  Conditions. 
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Figure  97.  LP  and  HP  Compressor  P/P  Versus 
Airspeed  for  3  S-RF-TSE  at  10,000 
Feet,  Standard-Day  Conditions. 
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Figure  98.  Cycle  p/p  Versus  Airspeed  for 
3 S-RF-TSE  at  10,000  Feet, 
Standard-Day  Conditions. 
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Figure  99.  Shaft  Horsepower  and  SFC  Versus 
Airspeed  for  3S-RF-TSE  at  15,000 
Feet,  Standard-Day  Conditions. 
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Figure  100.  Engine  Airflow  ana  TIT  Versus  Airspeed 
for  3S-RF-TSE  at  15,000  Feet, 
Standard-Day  Conditions. 
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Figure  101.  HP  and  LP  Spool  Speeds  Versus 

Airspeed  for  3S-RF-TSE  at  15,000 
Feet,  Standard-Day  Conditions. 
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Figure  102.  LP  and  HP  Compressor  p/p  Versus 
Airspeed  for  3 S-RF-TSE  at  15,000 
Feet,  Standard-Day  Conditions. 
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Figure  104.  Shaft  Horsepower  and  SFC  Versus  Airspeed 
for  3 S-RF-TSE  at  20,000  Feet,  Standard- 
Day  Conditions. 
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Figure  105. 


Engine  Airflow  and  TIT  Versus 
Airspeed  for  3S-RF-TSE  at 
20,000  Feet,  Standard-Day 
Conditions. 
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Figure  107.  LP  and  HP  Compressor  P/P  Versus 
Airspeed  for  3S-RF-TSE  at  20,000 
Feet,  Standard-Day  Conditions. 
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Figure  108.  Cycle  p/p  versus  Airspeed 

for  3  S-RF-TSE  at  20,000  Feet, 
Standard-Day  Conditions. 
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Figure  109 .  Shaft  Horsepower  and  SFC  versus 
Airspeed  for  3S-RF-TSE  at  25,000 
Feet,  Standard-Day  Conditions. 
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Figure  110.  Engine  Airflow  and  TIT  Versus 

Airspeed  for  3S-RF-TSE  at  25,000 
Feet,  Standard-Day  Conditions. 


RPM 


RPM 


145 


10" 


40 


£ 

Si 


n 

I 

o 


a. 

■4 


30 


20 


10 


0 

70 


I  60 


ft. 


50 


40 


^LP'^  ® a * 


34,600 

25,300 

21,700 

17,800 


9800 


100  200 

AIRSPEED,  KTS 


300 


400 


Figure  111.  LP  and  HP  Spool  Speeds  Versus 

Airspeed  for  3 S-RF-TSE  at  25,000 
Feet,  Standard-Day  Conditions. 


146 


■  hr 


RPM 


RPM 


(P/P)LP  COMPRESSOR  (P/P)  HP  COMPRESSOR 


3.5 


3.0 


2.5 


2.0 

7.0 

5.0 

3.0 

1.0 


NlpA/^T  • 

17,800 

21,700 

25,300 

34,600 


9800 

NLp/yeT, 

34,600 


25,300 

21,700 
17,800 

9800 

0  100  200  300  400 


RPM 


R?M 


AIRSPEED,  KTS 


Figure  112.  LP  and  HP  Compressor  p/p  Versus 
Airspeed  for  3S-RF-TSE  at  25,000 
Feet,  Standard-Day  Conditions. 
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APPENDIX  II 

2S-TSE  PERFORMANCE  TABLE  AND  C’  RVES 


TABLE  XV. 

2S-TSE  PERFORMANCE  DATA 

AT  6000-FEET,  95°F,  MRP 

Parameter 

Value 

TIT 

2400°F 

Wa 

4.804  lb/sec 

;  Cycle  P/P 

14.80 

Wf 

39  3.6  lb/hr 

% 

40,833  rpm 

SHP 

833.2  hp 

SFC 

0.473  lb/HP-HR 
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Figure  114.  TIT,  P/P,  and  SFC  Versus  Percent  MRP  for  2S-TSE 
at  Sea~Level,  Static,  Standard-Day  Conditions. 
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Figure  115.  Fuel  Flow,  Airflow,  and  Gas  Generator  Speed 
Versus  Percent  MRP  for  2S-TSE  at  Sea-Level, 
Static,  Standard-Day  Conditions. 
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Figure  116.  SFC  Versus  Percent  Power  Turbine  Speed  for 
2S-TSE  at  Sea-Level ,  Static,  Standard-Day 
Conditions . 
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NET  THRUST 


Figure  117.  Net  thrust  Versus  Percent  MRP 

for  2S-TSE  at  Sea-Level,  Static, 
Standard-Day  Conditions. 
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AIRSPEED,  KTS 


Figure  118.  Shaft  Horsepower  and  SFC  Versus  Airspeed  for 
2S-TSE  at  Sea-Level,  Standard-Day  Conditions. 
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Figure  119.  Engine  Airflow  and  Cycle  P/P  Versus 
Airspeed  for  2S-TSE  at  Sea-Level, 
Standard-Day  Conditions. 
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Figure  122.  Airflow  and  Cycle  P/P  Versus  Airspeed  for  2S-TSE 
at  4000  Feet,  Standard-Day  Conditions. 
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Figure  123.  Gas  Generator  Speed  and  Fuel  Flow  Versus 
Airspeed  for  2S-TSE  at  4000  feet, 
Standard-Day  Conditions. 
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Figure  124.  Shaft  Horsepower  and  SFC  Versus 

Airspeed  for  2S-TSE  at  4000  Feet, 
95°F-Day  Conditions. 
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Figure  125.  Engine  Airflow  and  Cycle  P/P  Versus 
Airspeed  for  2S-TSE  at  4000  Feet, 
95°F-Day  Conditions. 
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Figure  126.  Gas  Generator  Speed  and  Fuel  Flow 
Versus  Airspeed  for  2S-TSE  at  4000 
Feet,  95°F-Day  Conditions. 


162 


SH?  SFC,  LB/ HP- 


S 


:::::::: 


::::::: 


mmniiii 


■tail* 


mmm 


iSmysiSI 


liuiUJttjJiJJjfijBg 


jHgjflimmi 


iBifigiHMB 


AIRSPEED,  KTS 


Figure  127.  Shaft  Horsepower  and  SFC  Versus 

Airspeed  for  2S-TSE  at  6000  Feet, 
Standard-Day  Conditions. 
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Figure  128.  Engine  Airflow  and  Cycle  P/P  Versus 
Airspeed  for  2S-TSE  at  6000  Feet, 
Standard-Day  Conditions. 
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Figure  129,  Gas  Generator  Speed  and  Fuel  Flow  Versus 
Airspeed  for  2S-TSE  at  6000  Feet, 
Standard-Day  Conditions. 
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Figure  130.  Shaft  Horsepower  and  SFC  Versus 

Airspeed  for  2S-TSE  at  10,000  Feet, 
Standard-Day  Conditions. 
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Figure  131.  Engine  Airflow  and  Cycle  P/P  Versus 
Airspeed  for  2S-TSE  at  10,000  Feet, 
Standard- Day  Conditions. 
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Figure  132. 


Gas  Generator  Speed  and  Fuel  Flow 
Versus  Airspeed  for  2S-TSE  at  10,000 
Feet,  Standard-Day  Conditions. 
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Figure  133.  Shaft  Horsepower  and  SFC  Versus 

Airspeed  for  2 S-TSE  at  15,000  Feet, 
Standard-Day  Conditions. 
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Figure  134.  Engine  Airflow  and  Cycle  P/P  Versus 
Airspeed  for  2S-TSE  at  15 , 000  Feet, 
Standard-Day  Conditions. 
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Figure  135.  Gas  Generator  Speed  and  Fuel  Flow 

Versus  Airspeed  for  2 S-TSE  at  15,000 
Feet,  Standard-Day  Conditions. 
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Figure  136.  Shaft  Horsepower  and  SFC  Versus 

Airspeed  for  2 S-TSE  at  20,000  Feet, 
Standard-Day  Conditions. 
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Figure  137.  Engine  Airflow  and  Cycle  P/P  Versus 
Airspeed  for  2S-TSE  at  20,000  Feet, 
Standard- Day  Conditions. 
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Figure  138.  Gas  Generator  Speed  and  Fuel  Flow 
Versus  Airspeed  for  2S-TSE  at 
20,000  Feet,  Standard-Day  Conditions. 
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Figure  139.  Shaft  Horsepower  and  SFC  Versus 

Airspeed  for  2S-TSE  at  25,000  Feet, 
Standard-Day  Conditions. 
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Figure  140.  Engine  Airflow  and  Cycle  p/p  Versus 
Airspeed  for  2S-TS5  at  25,000  Feet, 
Standard- Day  Conditions, 
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Figure  141.  Gas  Generator  Speed  and  Fuel  Flow 

Versus  Airspeed  for  2S-TSE  at  25,000 
Feet,  Standard-Day  Conditions. 
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APPENDIX  III 


1'INAL  COMPONENT  PERFORMANCE  SUMMARY 


TAULE  XVI.  FINAL  ENGINE  CYCLE  PARAMETERS  AND 
COMPONENT  PERFORMANCE  AT  MRP 

38-AP-TSE 

28- 

TSE 

Sea  Laval 

4000  Ft. 

Saa  Laval 

4000  Ft. 

Component  Pirinattr 

std. 

95  *F  Day, 

Std. 

95  *F  Day 

Static 

Static 

Static 

Static 

INLET  1 

flow,  Ny'T  A  (lb, 'sec' 

b.5 

6.4 

6.5 

6.2 

Praaaura  Drop,  Ap  ?  (%) 

0.0 

0.0 

0.0 

0.0 

LON- PRESSURE  COMPRESSOR 

Actual  8p«*d  MAcT  (rpn) 

34,560 

35,160 

- 

- 

Corractad  Speed,  B/v7  (rp») 

34,560 

34,000 

- 

- 

Efficiency,  *iAD  (M) 

84.0 

84.1 

- 

- 

Pressure  Ratio,  P  P 

6. Oil 

5 . 9i  1 

- 

- 

INVER  COMPRESSOR  DUCT 

Praaaura  Drop,  4P  P  {%) 

2.9 

2.9 

- 

- 

Tamparatuie  las,  AT  (*Fl 

12.0 

12.0 

- 

- 

HIGH-PRESSURE  COMPRESSOR 

Corractad  Inlat  Flow,  H  "9  (lb  sac) 

1.45 

1.45 

_ 

_ 

Actual  Speed,  NACT  (rpn) 

67,000 

68,900 

- 

- 

Corractad  Spaad,  N/y'*  (rp») 

49,800 

49,800 

- 

- 

Efficiency,  tja_  (X) 

83.5 

83.5 

- 

- 

praaaura  Ratio,  P  P 

2.67 

2.69 

- 

- 

1  COMPRESSOR  (OVERALL) 

Ifflciancy ,  nAD  (%) 

79.7 

79.9 

76.4 

78.6 

Praaaura  Ratio,  P  P 

15.5  il 

15 .3  >1 

16 . 0 1 1 

U.81I 

Leakage  Nx  (R  N^) 

3.0 

3.0 

1.5 

1.5 

Corrected  Spaad,  N/y'’?  (rp») 

- 

- 

40,800 

39,500 

I  COMBUSTOR 

Efficiency,  ^  (*) 

99.9 

99.0 

99.0 

99.0 

Praaaura  Drop,  AP/P  (X) 

4.7 

4.7 

4.0 

4.0 

1  fuel  Lower  Heating  Value,  LMV  (Btu/Lb) 

18,400 

18,400 

18,400 

18,400 

HIGH- PRESSURE  TURBINE  | 

Efficiency,  ^  ^._T)  (X) 

86.9 

86.9 

85.1 

85.1 

TIT,  *F 

2250 

2400 

2400 

2400 

Turbina  Cooling  Flow,  Mc  (X) 

10.2 

10.2 

10.9 

10.9 

INTER- TURBINE  DUCT 

Fr assure  Drop,  4P/P  (%) 

2.0 

2.0 

2.0 

2.0 

POWER  TURBINE 

Efficiency,  n  ff-Tj  (*) 

89.7 

89.6 

92.2 

91.7 

Actual  Speed,  NACT  (rpn) 

46,000 

46,000 

34,450 

34,450 

LOW-PRESSURE  TURBINS 

Efficiency,  n  (%> 

91.9 

91.9 

- 

_ 

Corrected  Speed,  N'y/?  (rp») 

18,300 

18,000 

- 

- 

TURBINE  EXHAUST  DUCT 

Turbina  Exit  Axial  Mach  No.  M« 

0.40 

0.40 

0.37 

0.37 

Praaaura  Drop,  AP/P  (X) 

4.10 

4.10 

3.80 

3.80 

KBCtftMICAL  LOSSES 

Accessories,  Bearings,  Seals,  etc.,hp. 

9.75 

9.75 

9.75 

9.75  | 

PERFORMANCE 

MRP,  hp 

1085 

906 

1178 

899 

SFC  (lb,  hp-hr ) 

0.445 

0.452 

0.459 

O.47I 
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12.  SPONSORING  MILITARY  ACTIVITY 


U.S.  Army  Aviatio.:  Materiel  Laboratories 
/,  Fort  Eustis,  Virginia 

y _ _ 

It.  AtlTAACT 

This  report  presents  the  results  of  a  program  conducted  to  investigate  the  character¬ 
istics  of  a  three -spool  turboshaft  engine  having  an  unconventional  turbine  arrangement. 
In  this  engine,  called  a  three-spool  reverse-flow  turboshaft  engine,  the  combusted  air 
passes  through  the  high-pressure  (HP)  turbine,  then  the  power  turbine,  and  finally 
through  the  low-pressure  (LP)  turbine.  The  performance,  weight,  envelope,  and 
transient  characteristics  of  this  engine  were  compared  to  those  of  a  more  conventional 
two-spool  turboshaft  engine  of  comparable  life  and  component  technology.  In  addition, 
the  suitability  of  the  three-spool  reverse-flow  turboshaft  engine  for  recuperation  was 
assessed. 

The  results  of  the  study  indicated  that  the  three- spool  reverse-flow  turboshaft  engine 
provides  better  part-power  specific  fuel  consumption  (SFC)  than  the  two-spool  engine. 
However,  the  engine  is  sensitive  to  ambient  temperature  variations,  neces sitating  flat¬ 
rating  of  the  engine  to  minimize  the  hot-day  power  lapse;  is  somewhat  heavier;  has  a 
slightly  larger  envelope  (length  and  diameter)  and  higher  power-output  speed;  and  re¬ 
quires  approximately  3  seconds  longer  to  accelerate  from  flight  idle  to  95  percent  MRR 

The  reverse-flow  engine  component  arrangement  appears  to  have  its  greatest  potential 
in  a  recuperated  configuration.  f. — 


•wucn  w  r«M  im.  •  /•»  m.  which  •• 


MM  I  S  MKMM  M  I4M. 

I  MTII 1 4  /  J  MMUUMIMHTMI 


Unclassified 


